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Abstract
A new simplified theory for analyzing printed strip monopole antennas, both with and without the 
parasitic elements is proposed. Also, the particular situation of a sti'ip monopole fed by a coplanar 
waveguide (CPW) and surrounded by a rectangular ring has been considered. These antennas are 
proposed for wireless home link applications, which operated at the frequency of 5 GHz band. A new, 
simple space-domain integral equation for determining the current distribution on the printed strip 
monopole antenna on an infinite ground plane has been derived. By applying this integral equation, a 
simplified theory for analyzing the behavior of printed monopole antennas has been established. To 
demonstrate the validity of the theory, prototype antennas have been fabricated and tested. Discussions 
of the theoretical and measured results are presented.
Key words: wireless home linlc, printed strip monopole antenna, current distribution,
Space-domain integral equation, CPW, rectangular ring
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Chapter 1
Chapter 1 
Introduction
1.1 Rationale
Wire monopole antennas have been widely used, as they are simple structures but yield powerful 
performance [1.1 - 1.3]. Before an antenna can be installed, the characteristics of the antenna, such as 
the radiation pattern and input impedance, must be clarified. The chai acteristics of monopole antennas 
have been investigated and the results reported in the literature [1.4 -  1.7].
Nowadays, printed strip monopole antennas are being considered increasingly as a replacement for 
wire monopole antennas, as they are lightweight, low-cost, and offer relatively wide impedance 
bandwidths [1.8 -  1.11]. Furthermore, the printed form of the antenna can be directly integrated with 
the RF-circuitry to provide a compact structure. Applications of this type of antenna, such as in multi­
band wireless systems and mobile handsets, were reported in the literature [1.12], [1.13]. In order to 
investigate the characteristics of the printed strip monopole antenna, the current distribution on the 
antenna must firstly be known. This can be obtained by solving the integral equation either in the 
spectral-domain [1.14], [1.15] or in the space-domain [1.16]. The advantage o f using a spectral- 
domain integral equation is that there is only one unknown, namely the current on the strip. This 
method is a straightforward and elegant. However, the mathematics is very complicated, and the 
calculation is time consuming when the equation is solved to give the unlmown current distribution by 
using a numerical technique. Moreover, it is too complicated to include the effect of the radiating 
environment such as the effect of the wire parasitic element, which it may be employed to improve the 
antenna characteristics. In contrast, the space-domain integral equation, as described in the literature
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[1.16], and which uses the free space Green’s function in the kernel of the integral equation, is very 
easy to handle. Nevertheless, it can lead to a complicated function due to the unknowns on the strip 
and in the dielectric substrate. Using another method based on the space-domain integral equation, the 
printed strip monopole antenna can be considered as a wire dipole coated with a cylindrical dielectric 
[1.17 -  1.19]. However, this necessitates first obtaining the capacitance of the structure from a 
transmission line analysis. It can be lengthy because it involves finding the solutions to equations 
involving multi-valued functions. To overcome the problem we have recently proposed a new and 
simple space-domain integral equation for the printed strip monopole antenna on an infinite gi'ound 
plane [1.20], [1.21]. The advantage of the proposed integral equation is that there is only one 
unknown, namely the current on the strip, and the transformation of the antenna structure is not 
required as in previous methods. Therefore it leads to reduced computation time and easier 
programming when the equation is solved by using a numerical technique such as the moment method.
At present, many services based on indoor wireless communications have been developed. For 
example, the wireless home link (WHL) [1.22 -  1.25] service has been developed in the microwave 
band around 5 GHz with the standaid of Wireless 1394 [1.22]. To support the operation, the antenna is 
require to have the capability of offering the beam-tilt in the elevation plane with the moderate antenna 
gain of around 3dBi and wide impedance bandwidth. Furthermore, the antenna must be able to 
integrate directly with RF-circuitry in a single structure for compactness. To integrate the antenna with 
the circuitry, the microstrip patch antenna may be considered [1.26], [1.27]. However, it is evident that 
in order to obtain the beam-tilt radiation pattern, these antennas require a higher mode of excitation 
that will lead to more complicated design and the radiation efficiency of the antemia will be reduced 
due to the presence of undesired higher substrate mode. To overcome the problem, the printed version 
of monopole antennas has been proposed recently as they can be integrated directly with the RF- 
circuitiy as the microstrip antennas do. Moreover, the degradation of the radiation efficiency due to 
the presence of undesired higher substrate mode will not occur as the printed monopole antenna can be 
achieved by printing only on one side of the dielectric substrate. However, in the past research works 
focus is placed mainly on the comparison of the impedance bandwidth by introducing the various
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shapes of monopole such as the lectangulai", elliptic, disk, strip and etc. In the real- life situation, other 
antenna characteristics such as the radiation pattern, antenna gain must also be clarified before an 
antenna can be installed for practical usage. Thus, there is a need for a comprehensive study of the 
characteristics of this type o f antenna for WHL applications.
To demonstrate the usefulness of the proposed integral equation, we have applied it to establish the 
simplified theory for analyzing the characteristics of the printed strip monopole antenna on a finite 
circular ground plane, both with and without the paiasitic elements, which they aim for WHL 
applications. This will be discussed later in the thesis.
1.2 Aim of Research Work
The aim of this research work was to develop a new analysis of the printed strip monopole antenna on 
a circular ground plane for indoor wireless home link applications, both with and without the parasitic 
elements, through the use of a simplified space-domain integral equation, applied to a printed strip 
monopole antenna on an infinite ground plane. To attain the goal of the reseaich work, various 
theoretical and experimental investigations were made, and these are summarized in the following list, 
which also introduces the overall structure the thesis:
1. C hapter 2 shows the derivation of a new, simple space-domain integral equation for 
calculating the current distribution of printed strip monopole antenna on an infinite ground 
plane. To obtain this equation, we began with the space-domain integral equation o f an 
isolated strip monopole antenna on an infinite ground plane when the dielectric substrate is 
absent. Then the effect of the dielectric substrate was taken into account, and included in the 
previous equation. Furthermore, to reduce the complexity of the mathematics, the equivalent 
radius technique was adopted. Consequently, a very simple integral equation in the space- 
domain of the printed strip monopole antenna on an infinite ground plane can be obtained. The 
validity of the equation was demonstrated tlnough the calculation of the input impedance of
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both the printed strip dipole and the printed strip monopole antennas [1.21], [1.28], [1.29]. The 
theoretical results ai e compared with those from experiment, and also with data published in 
the literature.
2. In the practical case, an infinite ground plane is not realizable. The finite ground plane must be 
used instead. To demonsfrate the useful of the proposed integral equation, we have applied it 
to establish a simplified theory for analyzing the behavior of a printed strip monopole antenna 
on a finite circular ground plane. This will be shown in chapter 3.
3. The conventional monopole antenna, which has a beam-tilt radiation pattern in the elevation 
plane with non-directional radiation pattern in the azimuth plane, performs well in a circular 
operating area. In some circumstances, where the users have to move along a confined path 
such as tunnel or corridor, in order to cover the service area, a beam-tilt bi-directional pattern 
is needed to avoid reflections from the tunnel or corridor walls. To support the operation in 
this area, we have proposed a simple bi-directional printed strip monopole antenna [1.30], 
[1.31]. The antenna consists o f a printed strip monopole antenna and the parasitic elements, 
which are mounted on a finite circular ground plane. The parasitic elements are used for 
radiation pattern forming and to broaden the impedance bandwidth. The theory for analyzing 
the characteristics of this antenna is illustrated in chapter 4. It is based on applying the 
proposed integral equation.
4. In some applications where a low profile antenna structure is required, such as the antenna 
used for a mobile terminal, the printed strip monopole antenna on the circular ground plane, as 
previously described, is not appropriated due to the bulky ground plane. To overcome this 
problem, we have proposed a printed strip monopole antenna fed by a coplanar waveguide 
(CPW) [1.32], [1.33]. In this regard, the ground plane of CPW will be acting as both the 
ground plane of the transmission line and the ground plane of the monopole antenna. Thus a 
low profile antenna structure can be achieved. The theoiy for calculating the radiation pattern
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and input impedance of this antenna are shown in chapter 5. It is based on the combination 
moment method and the uniform theory of diffraction. Again, the proposed integral equation 
is applied in .constructing the integral equation of the problem.
5. The radiation pattern forming of the bi-directional antenna as presented in chapter 4 is 
achieved by using the mutual coupling effect. This may be degraded when the antenna 
operates at the frequency far from the designed frequency. To overcome this problem, we 
have proposed a new structure of bi-directional antenna [1.34], [1.35]. The antenna consists of 
a strip monopole antemia that is surrounded by a rectangular ring. They are mounted on a 
circular ground plane. In chapter 6, the theory for analyzing the behavior of this antenna is 
shown. It is based on the analytical method.
6. C hapter 7 summarizes the consequences of the preceding chapters and suggests for Future 
work.
Chapter 2
Chapter 2 
Simplified Integra! Equation for Analyzing a Printed Strip 
Monopole Antenna on an Infinite Ground Plane
2.1 Introduction
In this chapter, the derivation of a new simple space-domain integral equation for analyzing printed 
strip monopole antennas on an infinite ground plane is presented. To obtain the equation, we began 
with the space-domain integral equation of an isolated strip monopole antenna on an infinite ground 
plane when the dielectric substrate is absent. Then the effect of the dielectric substrate was taken into 
account, and included in the previous equation. Furthermore, to reduce the complexity of the 
mathematics, the equivalent radius technique was adopted. Consequently, a very simple integral 
equation in the space-domain of the printed strip monopole antenna on an infinite ground plane was 
obtained. Also, we have demonstrated the usefulness of the equation by applying it to evaluate the 
input impedance of a printed strip monopole antenna, both with and without a parasitic element, on an 
infinite ground plane and on a finite circular ground plane. The validity of the calculation has been 
demonstrated through a comparison with the results of practical experiments.
2.2 Integral Equation
Figure 2.1 shows the geometry of the printed strip monopole antenna on an infinite ground plane. This 
antenna is excited by a voltage source Vg between the strip monopole and the ground plane. For 
simplifying the problem, the width of the substrate {d) is assumed to extend to infinity. The thickness
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of the substrate is h and it has a dielectric constant o is ^ .  The width and the length of the strip 
monopole are and 4, respectively.
Substrate with thickness o f  "h
Infinite Ground-plane
Fig.2.1: Printed strip monopole antenna on an infinite ground plane
Substrate with thickness o f  "h"
Real Antenna
Image Antenna
i k
Rfi
r
r \ l
- 2 1 ------------------------------------------------------------------------------------------------ ►T
X
f
Fig.2.2: Equivalent printed strip dipole antenna
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To derive the integral equation of the antenna shown in Fig.2.1, we begin by applying image theory to 
the problem [2.1], [2.2]. This allows us to consider the antenna as the equivalent printed strip dipole 
antemia as shown in Fig.2.2. Therefore, the problem is reduced to the derivation of the integral 
equation of a printed strip dipole antenna. Referring to the system of coordinates shown in Fig.2.2, the 
strip dipole antemia is positioned along the z-axis, with the surface of the dielectric substrate on the x = 
0 plane. The length and the width of the strip are 24 and respectively. This antenna is excited by a 
voltage source 2vg across the small gap Ag between the arms of the dipole. The thickness of the 
substrate is h and it has a dielectric constant of %. In order to derive the integral equation of the 
printed strip dipole shown in Fig.2.2, we start with the integral equation of the isolated strip dipole in 
free space, i.e. when the dielectric substrate is absent, as expressed in [2.3]:
L W./2J J  J Â y '> ^ ') - 7 —^ d y 'd z '  = -J O ),s ,E ^ (y ,z )  (2.1)
where Jz(y\z') is the unknown surface current distribution on the strip dipole, (y',z') represent the 
coordinates of the source, (y,z) represent the observation point coordinates and R  is the distance from 
any point on the source to the observation point. The angular frequency is cOo and So is the permittivity 
of free space. The phase constant in fi'ee space is denoted by /co. Ez(y,z) is the electric field at the
observation point on the strip dipole. Equation (2.1) was derived using the vector potential 2  and 
based on the assumption that the strip currents have only the axial component, i.e. z component. Since 
the tangential electric field must vanish on the conducting surface, E^(y,z) must be zero everywhere 
except the feed gap, namely :
; feed gap
(2.2)
0 ; elsewhere
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Thus, using (2.2), we can reduce (2.1) to
I ,  w J 2 -JkaR
/2
-jco^s^Eg ; feed gap 
0 ; elsewhere
(2.3)
Next, the effect of the dielectric substrate will be taken into account in equation (2.3). When the 
dielectric substrate is included, it will slow down the velocity of current on the strip and change the 
electric field Eg at the feed gap. To analyze the effect of dielectric in (2.3), the phase constant A:* must 
be replaced by the effective phase constant k f^f and Sq must be multiplied by the effective dielectric 
constant Seff. In this work, a thin substrate will be considered, since it has the attractive features of low 
weight and small effect on the radiation field [2.4]. According to the literature [2.5], the effective 
dielectric constant is given by:
X + w J h (2.4)
In order to investigate the effect of dielectric substrate on the electric field Eg, we model the problem 
as shown in Fig.2.3.
/ \ /V i
A,
! E . = 0Ju.fE. = E  ^ = E -^\-
Strip dipole 
= 0  
Substrate
Fig.2.3: The model for derivation of Eg
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That is, Eg will be considered as the sum of the incident electric field Ej and the reflected electric field 
Er. We assume that the incident electric field is produced by the feed gap. Based on using the delta gap 
as the source modeling [2.1], [2.2], the voltage source at the gap Ag has constant amplitude. Therefore, 
the incident electric field is also constant along the width of the strip and can be approximated as 2vg 
/Ag. Since the medium of the feed gap and the substrate are different, a fi action o f the incident electric 
field will be reflected at the interface. Thus, the electric field Eg can be written as:
= E,. +E,. = E ^ l  + T ) =  ^ ( l + r )  (2.5)
where T is the reflection coefficient at the boundary between the substrate and air. It can be calculated 
from the well-laiown equation [2.1]
(2.6)
where Zo (= 3 7 7 0 ) is the wave impedance o f free space, and Z„,f/ is the input impedance looking into 
the dielectric substrate, namely
.T Z. + JZ„tank.^h
^ind ~  „  . r y  . j I , VZd +  jZ^  tan h
In equation (2.7), Z^ is the wave impedance of the dielectiic. Thus, substituting (2,7) into (2.6), F 
becomes
+ j Z l  tan ( / c „ + jZ 'i  t an (/q
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From the previous theory the space-doniain integral equation for the printed strip dipole can be written
as:
L wjl
-L -w,H AttR
+ ; feed gap
s
; elsewhere
(2.9)
In order to solve for the unlaiown in (2.9) we have to use a numerical teclinique such as the moment 
method. The solution of the double integral can be time consuming and involve complicated 
programming. To simplify the situation, an equivalent radius technique [2.6] is employed.
.y
Fig.2,4: The cylindrical antenna
Figure 2.4 shows the cylindrical antenna when its cross-section is circular with the radius of ae and the 
strip with a width of respectively. The surface current of these antennas can be expressed as [2.6]:
(2 .10)
and
11
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(2 .11)
for the circular and the strip cross-sections, respectively. The relationship between these ciu'rents is 
solved in the dynamic fashion as described in the literature [2.6]. It was found that the total axial 
current IJiz) ,which is the unknown, cai'i'ied by these antennas will be equal when the radius is one- 
forth of the width of strip, i.e. Hence, by considering the strip dipole as a circular dipole with the 
radius ae=wJA the integral equation (2.9) can be rewritten as:
f  I H  
27t j  AttR
\
dz' = \
2v—^ (1  +  r )  ; feed gap
; elsewhere
(2 .12)
Let us assume that the width of the strip (w^ .) is narrow compared to both the free-space wavelength 
(X ) and the length of the dipole. Therefore, it is reasonable to assume that % «% . Based on this 
assumption, the integral equation as expressed in (2.12) can be reduced to [2.1], [2.2]
2 '  , 2
J-L AttR
dz' =
- ^ ( 1  + r )  ; feed gap
; elsewhere
where
(2.13)
R -  yjal + (z  — z y (2.14)
12
Chapter 2
Equation (2.13) is in the form o f well-known “Pocklington's integral equation" with the approximate 
kernel function. Thus, solving (2.13) and using (2.11) the surface current distribution of the equivalent 
printed strip dipole antenna in Fig.2.2 can be determined. Once this surface current is known, the 
current distribution on the printed strip monopole antenna in Fig.2.1 can be obtained as it corresponds 
to the surface current distribution on the real antenna shown in Fig.2.2.
2.3 Moment Method
By considering equation (2.13), it may be re-expressed as:
^  (1 + r )  ; feed gap
; elsewhere
(2.15)
where
G ( z , / )  = AttR (2.16)
By manipulating (2.16) we obtain:
-JKjfR
G (z, z ') = ^ ^ [ ( 1  + JKjrR)(2R^ -  ] (2.17)
which form is convenient to deal with the numerical computation. In order to solve the integral 
equation as expressed in (2.15) a numerical technique such as the moment method [2.1], [2.2] must be 
employed. Using the moment method to solve the equation (2.15), we begin by dividing the printed
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strip dipole antenna into M  equal sections, each of length A(=length of dipole / A/ ) as illustrated in 
Fig. 2.5.
2/
n = M
n = 2
n = 1
Fig. 2.5: The antenna and its segmentation
z
Fig. 2.6: Piecewise sinusoidal basis function
Next, let us approximate the unknown current distribution /^(z')in (2.15) as a linear combination of 
the basic f u n c t i o n , , of vV terms with the unknown coefficients, a„. That is.
(2.18)
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As the current must be zero at both ends of the dipole, to satisfy this boundary condition a piecewise 
sinusoidal function will be considered as the basis function. Referring to Fig.2.6, the piecewise 
sinusoidal function can be defined as:
s i n ( ^ [ z ' - z „ _ i ] )
sin(y^A)
sin(ySA)
; elsewhere
(2.19)
where /? is the phase constant of the medium. It can be seen that when the piecewise sinusoidal is used 
as the basis function the number M  must be an even number and the number N  will be M-1. 
Substituting (2.18) and (2.19) into the integral equation as expressed in (2.15), we get
^  (1 + r )  ; feed gap
elsewhere
in which
(2.20)
j sin ' "A 1 j—lg+(n—\)A - 1 , + n A sm
The expansion (2.20) leads to one equation with N  unknowns. In order to solve for the N  unlaiown 
coefficients, a,„ N  linearly independent equations aie required. To obtain these equations, we define 
the column vector, G„,(z), as
15
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G .(z )  =
g,(z)
(2.22)
In equation (2.22), g^{z), g^(z),. . . ,  g^(z)  are referred to as testing functions. In this work a
piecewise constant function will be chosen as the testing function to reduce computation time and 
provide easier programming. Referring to Fig.2.7, the piecewise constant function can be defined as:
0 ; elsewhere
(2.23)
4 ( z ')  X
Fig. 2.7: Piecewise constant testing functions
Thus, multiplying both sides of (2.20) by (2.22) and integrating the equation over z from - 4  to 4 
yields
16
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H=1
N
«=l
^n^nm11=1
where
(2.24)
V.. = ■*
2v (l + r )A  ^ --------- ' ,m . = M  12
m ^ M  12
(2.25)
and
~l,+wA+- /  _i
j J-/,+(m-l)A+AV-/«+("-bA 
-/,+«,A+l /_,^ +(„+i)A
I I
- / ,+ (m - l)A + |V
s m { ^ [ z ' - z l _ , ] )  
sin(/?A)
s in ( / ^ K + i - z '] )
sin(y^A)
G (z, z')dz' dz +
G(z, z')dz* dz
(2.26)
Equation (2.24) may be written more concisely using matrix notation as
I Q K M K . ] (2.27)
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[4 ]= (2.28)
Z m Z n  ' ’ 4 „  . ^ I N
Z j , Z 22 • 4 „  . ^ 2 N
z „ , 4 , 2  • 4 , „
Z ;V 2  ■ ^ N N
(2.29)
K h (2.30)
Thus, from expression (2.27) the unknown coefficients can be found by applying the inverse matrix 
namely;
[ 4 ] = k J - ' k ] (2.31)
By substituting the coefficient obtained from (2.31) with the basis function as expressed in (2.19) 
into (2.18), the unlaiown total axial current /^(z')can be determined. Since the integral equation with
18
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the approximate kernel function will have no solution [2.7], [2.8], erroneous oscillations can occur in 
the moment method solution when the number of basis function is too large, especially at the feed 
point and both ends of the dipole. Also, if the number of basis functions is small, there will be an 
unsatisfactory result. Therefore, the number of basis function must be carefully chosen. To 
demonstrate this, let us consider the calculation of the total axial current/^(2 ') of the printed strip 
dipole antenna with the dimensions: w ,=  2 mm, 2le = 28.8 mm, Sr -  6 A S ,h  = 0.63 mm. A frequency 
of 5.2 GHz was chosen as the test frequency. To determine the appropriate number o f the basis 
function for use in the calculation, the input total axial current 7,(2 ' = 0) was calculated with respect to 
a number of basis functions. The results are depicted in Fig.2.8.
200
Real
Imaginary
^  150i
I  100I
cn
I
1
-50
100 75 100 125 150 175 200
No. o f Basis Functions
Fig,2.8: Input total axial crurent versus a number of basis functions
From Fig. 2.8, it can be observed that when the numbers of basis functions are about and more than 15 
but not greater than 29, the input total axial current exliibits less variation of both real and imaginary 
parts. Thus, the appropriate number of basis function must be determined within this range. In the 
current work the number o f basis functions was chosen as 25 for use in the calculation.
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Figure 2.9 shows the calculated total axial current /^(z')for the various number of basis functions. It is 
evident that the total axial current appears with less variation when the number of basis function is in 
the range 1 5 -2 9 , and the erroneous oscillations will occur at the feed point and both end of the dipole 
when the number of basis function is too large.
Real
ImaginaryNo. of basis functions = 15
-10
0.15 0.2 0.25
Strip Length [Wavelength]
----- Real
10 No. o f basis functions = 25 -----Imaginaiy
' I
^  -20
/ \
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
Strip Length [Wavelength]
—  Real
ImaginaiyNo. of basis functions = 29
-10
0.25
Strip Length [Wavelength]
Fig, 2.9: Total axial current of the printed strip dipole antenna for 
the various numbers of basis function
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^  _ No, of basis functions = 35   Real Imaginary
/ \
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
Strip length [Wavelength]
Real
ImaginaiyNo. of basis functions = 59
-10
0.25
Strip Length [Wavelength]
1 Real - -  ImaginaiyNo. of basis functions = 149
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
Strip Length [Wavelength]
Fig.2,9: (Continue)
2.4 Validity of the Equation
To demonstrate the validity of the equation, this integral equation will be used to calculate the 
characteristic input impedance of a printed strip monopole antenna on an infinite ground plane, as 
shown in Fig.2.1, and the result will be compared with data in the published papers. To calculate the
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impedance of the antenna, the current distribution on the antenna must be firstly determined. This can 
be obtained by solving (2.15). Once this is Imown, the input impedance can be obtained by using 
Ohm’s law. That is
1
4, 4(0) (2.32)
where Vg and /,.„are the voltage across the feed gap and the input current, respectively. In the 
calculation tln oughout this work, the voltage Vg that excites the antenna will have the fixed value as 1 
volt. The number of basis functions was 25. The gap will be fixed to equal the segment width
{A = 2/g /M  ).
Proposed Method 
Reference [2.9]
Conductance
-10 Susceptance
0.25 0.3 0.35 0.4 0.450.20.15
Frequency [GHz]
Fig 2.10: Input admittance as a function of frequency for a printed strip monopole 
on an infinite ground plane
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Figure 2.10 shows the input admittance (l/î^„) of a monopole printed on er = 4.7 and h = \ ,5 mm
dielectric substrate in the (0.15 - 0.4) GHz frequency range. The width and the length 4 of the strip 
are 12 mm and 300 mm, respectively. The results from this method are compared with the results as 
shown in reference [2.9]. It can be seen that there is in good agreement between the sets of data. Next, 
the validity of equation at higher frequencies was evaluated tln-ough calculations on a monopole 
antenna on er= 2.2 and A = 1.5 mm substrate in the (1 -  4) GHz range. The width w.y and the length 4 
of the strip are 0.4 mm and 25.1 mm, respectively. The result is compared with the data obtained from 
reference [2.10]. The comparison is shown in Fig.2.11. Again, good agreement between the two 
techniques is obvious.
Proposed Method 
Reference [2.10]
4GHz0.1
IGHz
-2 J
- 1.0
Fig 2.11: Input impedance as a function of frequency for a printed strip monopole 
on an infinite ground plane
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2.5 Input Impedance of a Printed Strip Monopole Antenna on 
a Circular Ground Plane
Substrate with 
thickness o f '/ t
C ircular ground plane
Fig 2.12: Printed strip monopole antenna on circular ground plane
In practical situations, a finite ground plane must be used instead of an infinite ground plane. 
Therefore, the input impedance that was obtained previously must be compensated for the finite 
ground plane effect. Figure 2.12 shows the printed strip monopole antenna on the circular ground 
plane with a radius of ag. The input impedance of this antenna may be written as:
(2.33)
where Z,„/ is the input impedance of the strip printed monopole on an infinite ground plane and is 
the impedance correction due to the finite circular ground plane effect. In this work a A% term, which 
was presented by Wolff and Edward [2.11] to compensate the input impedance of a wire monopole on 
circular ground plane is applied. By considering the printed strip monopole antenna instead of the wire 
monopole antenna, the A^  term for the printed strip monopole antenna can be written as:
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A , = y
!  +  •
7(2%Og+3s-/4) (2.34)
where I^{z') is the total axial current of the printed monopole antenna on infinite ground plane. It can 
be obtained by solving the integral equation (2.15).
To demonstrate the validity of the method, a 5.2 GHz prototype printed monopole antenna was 
fabricated and tested. The prototype was printed on an organic-ceramic substrate with £«=6.15 and h 
= 0.63 mm. The dimensions of the prototype antenna were ^ 4.= 2 mm, 4 =  11.5 mm and Qg = 58 mm. 
Since the width of the substrate {d) was assumed to extend to infinity in the derivation for the integral 
equation we conclude, based on a tilal and error method, that by using a substrate width at least three 
times the strip width a satisfactory result could be obtained. Thus, the substrate width of 6.0 mm was 
used for this prototype antenna.
The input impedance of the prototype was measured by using an HP8510 Network Analyzer in the 4 - 
6 GHz frequency range. The antenna was connected to the network analyzer via an adaptor. Therefore, 
the impedance transfer equation is utilized to compensate the phase delay. The measured results are 
compared with the theoretical results as shown in Fig. 2.13, It can be seen that, there is very good 
agreement between the measured and theoretical results.
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1.0
Calculated (Step O.IGHz) 
Measured
3.d'0.3
6GHz
4GHz
-0..5
Fig.2.13: Input impedance o f a printed strip monopole antenna 
on a circular ground plane as a function of fi*equency
2.6 Input Impedance of a Printed Strip Monopole Antenna 
with the Parasitic Elements on a Circular Ground Plane
The conventional monopole antenna, which has a beam-tilt omni-directional pattern, performs well in 
circular operating areas. In some circumstances, where the users have to move along a confined path 
such as tunnel or corridor, to cover the service area, a beam-tilt bi-directional pattern is needed to 
avoid reflections from the tunnel or corridor walls. Figure 2.14 shows the simple bi-directional printed 
antenna. It consists of a printed strip monopole antenna with the parasitic elements. They are mounted 
on a circular ground plane. The parasitic is employed to form the radiation pattern. The radius and the 
length of the pai asitic ai*e Gp and Ip, respectively. The spacing between the elements is Sp,
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Substrate with
thicknessof h
Conducting wire 
with radius of a
Circulargroundplane
Fig 2.14: Printed strip monopole antenna with parasitic elements on circular ground plane
Although this antenna is not new when considered in the wire version, no work has been reported 
about the input impedance of a printed version. In this section, the proposed integral equation is 
applied to calculate the input impedance of this antenna. In order to calculate the input impedance of 
this antenna, equations (2.33) and (2.34) will be applied. Since the parasitic elements are included in 
the problem, we have to calculate the current distribution of the printed strip monopole antenna 
including the parasitic effect. To achieve this, the integral equation for calculating the current 
distribution of the antenna will be considered as the sum of the integral equation of the wire dipole 
antenna as expressed in [2.1], and the proposed integral equation. To demonstrate the validity of the 
method, the 5.2 GHz prototype antenna was fabricated on a substrate with a dielectric constant (f>j) of
6.15, a thickness Qi) of 0.63 mm and a width of 6 mm. The dimensions of the prototype antenna are 
given by w, = 2 mm, /^= 12 mm, 0.25 mm, lp = 13.34 mm, Sp = 26.68 mm and ag = 58 mm. The 
input impedance of the prototype antenna was measured in the frequency range 4 - 6  GHz using an 
HP8510 network analyzer. A comparison between the measured and calculated results is shown in Fig
2.15. As can be seen, there is a fairly good agreement between the calculation and the experimental 
results.
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2 .0>
Calculated (Step 0.1 GHz) 
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i.o;0.3, 3.0
6GHz-
4GHz-0..5
- 1.0
Fig2.15: Input impedance of printed strip monopole antenna with parasitic elements 
on a circular ground plane as a function of fi'equency
2.7 Conclusions
In this chapter a new and simple space-domain integral equation for calculating the current distribution 
of the printed strip monopole antenna on an infinite ground plane has been presented. According to 
image theory, the problem can be modeled as an equivalent printed strip dipole antenna. To obtain the 
new equation the effect of the dielectric substiate was taken into account in the conventional integral 
equation of a strip dipole antenna in the free space and the complexity of the mathematics was reduced 
by using the equivalent radius technique. Consequently, a simple space-domain integral equation for a 
printed strip monopole antenna on an infinite ground plane was obtained. The validity of the equation 
was demonstrated tlirough the calculation of the input impedance of a printed monopole antenna both 
on an infinite ground plane and on a finite circular ground plane. Also, we included the effects of 
parasitic elements. The theoretical results were compared with those fi'om experiment, and also with
28
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data published in the literature. Very good agreement was obtained, thus establishing the validity of 
the new theory.
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Chapter 3 
Simplified Analysis of Printed Strip Monopole Antenna on 
a Circular Ground Plane
3.1 Introduction
An antenna having an omni-directional pattern in a horizontal plane and a beam-tile in a vertical plane 
is required in mobile communication, indoor radio, and wireless LAN systems [3.1]. Many types of 
antenna have been proposed for such systems. The wire monopole antenna on circular ground plane is 
one of the candidates as it is a simple structure but yields powerful performance. Before the antenna 
can be installed, the chai acteristics of the antenna such as radiation pattern, input impedance must be 
clarified. The characteristics of the wire monopole antenna on the circulai' ground plane have been 
extensively investigated, as shown in the literature [3.2 -  3.5].
Currently, printed monopole antennas are often considered for use instead of wire monopole antennas 
because they are lightweight, low-cost and offer the relatively wide impedance bandwidth [3.6]. The 
characteristics of the printed monopole antennas differ from wire monopole antennas due to the 
presence of dielectric substrate, and their planar shape. Thus, the characteristics of wire monopole 
antennas, as reported in the literature [3.2 -  3.5], cannot be used for planar structures. Although in 
recent years there have been many reseaich publications about the printed monopole antenna [3.7 -  
3.9], they are based on experimental trial and error. Additionally, researchers have focused only on the 
various shapes of the printed monopole, i.e., circular disc, elliptic, squai e and rectangular for enlarging 
the impedance bandwidth. Thus, there is a need for the development of theory for analyzing the 
behavior of this type of antenna.
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To demonstrate the usefulness of the integral equation that was derived previously, we will apply it to 
establish a simplified theory for analyzing the characteristics of the printed monopole antenna. We 
will consider only the printed strip monopole antenna that has a rectangular shape, with a small width. 
To obtain the required theory, we will begin by determining the current distribution on the antenna. 
This is based on the combination of the moment method analysis and the ground plane current-sheet 
model. The integral equation as derived in the previous chapter is adopted as the integral equation for 
the problem. Once the unknown surface current distribution of the antenna is known, the radiation 
field of the antenna can be calculated through use of the vector potential. Using the current distribution 
and the radiation field derived previously, the characteristics of the antenna can be investigated.
3.2 Antenna Structure
Substrate with thickness o f  "h
Lv,
X
Fig.3.1: Printed strip monopole antenna on circular ground plane
The geometry of the printed strip monopole antenna on a circular ground plane and its coordinate 
system are shown in Fig.3.1. The strip monopole has a width of w, a length of 4 and is printed on a 
dielectric substrate with a dielectric constant of %  a thickness of h and a width of d. This monopole is
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mounted on a circular ground plane with the radius of ag. The antenna is excited by a voltage source, 
Vg, between the strip monopole and the ground plane.
3.3 Current Distribution
In order to find the current distribution of this antenna, the current on the printed strip monopole will 
be first calculated; it is based on the moment method analysis. Then the current distribution on the 
circulai* ground plane will be derived from the monopole current obtained previously by using the 
ground plane current sheet model.
Let be the surface current of the printed strip monopole antemia. This current can be
expressed in terms of the unknown total axial current as [3.10]:
= (3.1)
2 y ^TVW^Al-
J
The current as expressed in (3.1) is valid for an arbitrary strip width. When the narrow strip (n;,«X ) is 
considered, the current can be assumed to be constant across the strip width with a variation only 
along the strip length, and (3.1) reduces to
(y'> —  4  (3.2)w„
In this work, a narrow strip will be considered. In order to find the unknown f^(z') of (3.2), we begin 
by assuming that the circular ground plane extends to infinity, so that image theory can be applied.
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Image theory [3.11] allows us to model the antenna problem in Fig.3.1 as the equivalent printed strip 
dipole antenna as shown in Fig.3.2.
Substrate with thickness o f  " h "
Real Antenna i f
r
r
(1)
image Antenna X
/,
—  21 ■y
Fig.3.2: Equivalent printed strip dipole antenna
To simplify the problem, we will assume that the width of the substrate is extended to infinity. Thus, 
the integral equation as derived in the previous chapter can be adopted. The integral equation of the 
antenna in Fig.3.2 can be written as:
j  l ^{ z ' )G{z  I z ')d z ' =
- I ,
2 v / i + n  ,  ,  ; feed gap
; elsewhere
(3.3)
where
G (z / z') = (1 + A ^ /( ) (2 ; ( '  -  2 (0 .2 5 w j')  + (^,^0.25w,;g ) (3.4)
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^  yZ j tan -  j Z l  tan V ^ / î )
2Z^Zj  +  j Z ]  tan ( / c , ^ / z )  +  j Z ^  tan
and
R  = ^ ( 0 .2 5 w ,f  + ( z - z ' f  (3.6)
The term 7,(z')in (3.3) is the unknown total axial current of the equivalent printed strip dipole 
antenna. Once this is known, the unknown total axial current of the strip monopole antenna /^(z')can 
be obtained as it corresponds to the total axial current flowing on the real antenna o f the equivalent 
printed strip dipole antenna.
To solve the integral equation as expressed in (3.3), the moment method as described in section (2.3) 
is used. In the moment method calculation throughout this work, the voltage that excites the antenna 
will have fixed value as 1 volt. The gap at the feed gap will be fixed as equal to the segment width
A (= 2/g / M  where M  is the number of divisions covering the antenna). The sinusoid function with the
number of function set to 25 is used as the basis function and the piecewise constant function will be 
used as the testing function. Additionally, we have simplified the moment method solution by using 
the pulse (constant) approximation as illustrated in Fig.3.3.
According to the method described above, the surface current J^ (y ,z ') of the printed strip monopole 
antenna can be determined and can be written as:
N  
,,=l
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where a„ and /,(%') are the complex amplitude and the pulse function, respectively. As illustrated in 
Fig.3.3, /„(z ') can be written as:
I ; z„_, < z ' < z „  
0 ; else where
(3.8)
Pulse Approximation
Moment Method
Pulse (constant) Function
a.
0
Strip M onopole
rt+i
Fig.3.3: Pulse approximation of moment method solution
The next step of the current calculation was to find the current distribution on the circular ground 
plane. To achieve this, the ground plane current-sheet model, as introduced by Adwadalla and 
Maclean [3.3], was applied. The distribution was considered as the sum of the infinite ground plane 
current, consisting of the reflected and the transmitted currents, which are the currents flowing in 
opposite directions, with the infinite ground plane currents on the top and underneath of the ground 
plane, respectively.
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current
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Fig.3.4: The diagram of ground plane currents
Figure 3.4 illustrates the ground plane currents. The surface current distribution on the circular ground 
plane, as shown in Fig.3,4, can be written in mathematical form as:
(3.9)
where J, are the infinite ground plane current, the reflected current and the transmitted
current, respectively. In order to calculate the ground plane current J^ , the infinite ground plane
current must first be established. This can be achieved by using the boundaiy condition that the 
tangential component of the magnetic field must be discontinuous on the conducting sheet (circular 
ground plane), namely
(3.10)
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where is the ^ component of the magnetic field radiating from the printed strip monopole antenna. 
It is given by [3.12]
" ‘ - V i  <>-">
where
and
R =  ■yJix-x'Ÿ + ( . y - y ) ^  + ( z ~ z ' y
+z'^  ->  narrow strip (3.13)
Thus substituting (3.7) and (3.13) into (3.12), we get
Moh ^
where
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Substituting (3.11) into (3.10) and using (3.14), the infinite ground plane current can be 
determined as:
_ /3 / A
A  +
i
(3.16)
Once the infinite ground plane current is known, the reflected current, J,., and the transmitted current, 
J , , can be derived. Since these currents must be related with the infinite ground plane current, we have 
the condition that the magnitudes of these currents must be zero at the center of the ground plane. This 
condition is necessary because on the top surface the current on the printed strip monopole antenna has 
initially been postulated, and hence the current at zero radius on the ground plane cannot be affected 
by reflection. On the underneath side, the transmitted current flows radially to this center point, where 
it must, therefore, have zero magnitude. To meet the condition mentioned above, the reflected and the 
transmitted currents have to be written as:
(3.17)
The subscripts r and t in (3.17) refer to the reflected and the transmitted currents, respectively. 
Therefore, substituting (3.16) into (3.17) we get
p  I  ^
4;r # 6 " "  ( a '+ z , ; ) A  + cil + z l
-jKiag-P) (3.18)
Consequently, substituting the infinite ground plane current as expressed in (3.16) and the reflected 
with the transmitted currents as expressed in (3.18), into (3.9) the current distribution on the circular 
ground plane can be derived.
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j a p ) = A  +
p +z.
A  + -A(o -p)K + < )
(3.19)
3.4 Radiation Field
The radiation from this antenna occurs due to the current distribution on the printed strip monopole 
antenna J^ (y ,z ') and the circular ground plane . It should be note that we have changed the 
variable p  to be p  in (3.19) to indicate that it is a function of the prime coordinate in the radiation 
field calculation. In order to derive for the radiation field of the antenna, a two-step procedure is 
employed [3.12]. That is, first to determine the vector potential^, and secondly to find the electric 
field È  and magnetic field H .
X
Fig.3.5: Coordinate system for deriving the radiation field
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Figure 3.5 shows the coordinate system for deriving the radiation field of the antenna. The vector 
potential 2 at any point P outside the antenna is given by [3.12]
A(r) = ^  I  (3.20)- J k j i
where p /is  the permeability of the free space, r represent the observation point coordinates,
r' represent the coordinates of the source, R  is the distance between the arbitrary point on the current
source to the observation point. Considering the configuration of the current source, the vector
potential 2 as expressed in (3.20) can be expanded as:
2 = Aj + Jij (3.21)
where
0 J / 2
=  J  ^ d y ' d z '  (3.22)
^ 2 = 0 ,--—  f f ( / ) C O S +
4 ^  0 0 ^2
in which
(3.23)
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V ( / ' + < )
A  + 1
,-Al/cg+ZM (3.24)
In (3.21), is the vector potential due to the monopole current J^{y \z ')  a n d i s  the vector potential
due to the ground plane current J ^ ( p ') . From the equations shown above, R„ (n = 1, 2) are the
distances between the aibitrary points on J^ (y ,z ')an d  J^ip ')  to the observation points, respectively.
When the observation point is made in the far-field region, the distances R„ can be approximated by 
[3.12]
«  r  -  .a,. for phase variations 
R„ « r for amplitude variations
(3.25)
(3.26)
where r„ and 5,. are the vector positions of the current source and unit vector of the radius direction
in the spherical coordinate, respectively. In (3.25), denotes the dot product of the vectors. Referring 
to Fig.3.5, the vector position can be written as
n = ÿ O y  + z'â^
fj = x'a^ +  y'üy  = p '  cos + p '  sin f û y
(3.27)
(3.28)
Substituting (3.27) and (3.28) into (3.25) yields
R ^ = r-{ ÿ a y - \- z 'a ^ ) -a ^
= r -  (y ' sin Ô sin ^  + z ' cos 0 ') (3 .29)
41
Chapter 3
R2 = r -  (p ' COS + p '  sin (^'ay),a ^
- r -  p '  sin 9  cos(^zi -  ^ ') (3.30)
Thus, using the previous equations the vector potential as expressed in (3.21) becomes
4n r 
 ^ A  e
0 0 
-A'' 2/r"g
5^ - ^ - ----  f fyjp')sinçS'e"‘-'’'“"*”*‘'’''’'V'rfpW +4!T r  J  J
/  /  p ~ A > '  N
4 ^« '. '• i - A -
(3.31)
To perform the integral in (3.31), the integral formula
c /2
J '
- c /2
e^^dz -  c
asini “ C 
a (3.32)
is applied to the last term of (3.31). However, the integration of the first two terms cannot be 
performed analytically, and numerical integration must be adopted. After some mathematical 
manipulations, the vector potential (3.31) can be written as:
4nN r \  P ) \ Q
>' AmN  r \ P  ) \ Q j
p = l  q = l
P Q
a  A'- "r j \ r  N47tN  r
,A2„cos5>
/?=1 q - \
r
sin
H=1
sin ^  sin
— sin <9 sin ^
(3.33)
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„=i A  +
A  +
^-JK^Pq+zl
j~A-\jog+Z„ -Ai^g-Pq)
27T
P . y Q j
; g = 1,2,3,...,g
(3.34)
(3.35)
(3.36)
Once the vector potential is known, the electric field at the observation point can be calculated from 
the equation [3.12]
E  = - jû)^Agag- jû)^A^a^ (3.37)
where Ag and are the vector potential component 9 and ^ of the spherical coordinate, respectively. 
Using the vector transformation, the vector potential Ag and A. can be written as:
A  - / / . I  g
-j'K r
4 tvN  r
ZÎIcos <91 —
k Q j p=\ f/=i
sin
sin  ^  sin  ^
(3.38)
43
Chapter 3
and
Aj.= —47tN  r \  P J y Q j p - \  9=1
(3.39)
Therefore, substituting (3.38) and (3.39) into (3.37), gives the electric field E a t the observation point 
of the printed strip monopole antenna on circular ground plane as:
2
4jtN r QOS$
f y
k p ) [ q j
P Q
£  £  &, (p ;  ) cos(^ -
p = \ 9=1
«=1
Sin sin 6^  sin ^
sin 6  sin ^
eta —
I f / UJ
p  Q
p = l 9=1
(3.40)
Once the electric field is obtained, the magnetic field of the antenna at the observation point can be 
obtained from following equation.
(3.41)
where is the free space impedance (377 O)
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3.5 Antenna Calculations
In this section, the pai ameter terms that can use to describe the characteristics of the printed strip 
monopole antenna on circular ground plane aie derived. They consist of input impedance, radiation 
pattern and antenna gain.
3.5.1 Input Impedance
In order to integrate the antenna with the RF-circuitiy, the planar transmission line such as CPW, CPS 
must be used as the medium. The input impedance of the antenna must be matched with the 
characteristic impedance of these transmission lines. The parameter that can be used to describe this is 
the voltage standing wave ratio (VSWR). It is defined as [3.12]:
i+ |r |V SW R  = — (3. 42)i - | r |
where F is the input reflection coefficient. It can be calculated from the equation [3.12]:
r  = (3.43)Z ....+Z
where Zo is the characteristic impedance of the transmission line and Z,„ is the input impedance of the 
antenna. It can be calculated when the input total axial current is laiown. To ensure that in practical 
cases the power can be transferred from the transmission line into the antenna more than 90% or vice 
versa, we require VSWR < 2 at the antenna input. According to Ohm’s law, the input impedance of the 
antenna can be written as:
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(3.44)
where Vg is the voltage across the input terminal and is the input total axial current, it can be 
obtained by solving the integral equation (3.3). Since the ground plane was assumed to be infinity in 
the strip monopole current calculation, modification of the input impedance obtained from Ohm’s law 
previously is needed to compensate for the finite ground plane effect. In order to derive the impedance 
correction term to compensate for the finite ground plane effect, we will follow the method presented 
by Edward-Wolff [3,13] to compensate the input impedance of the wire monopole antenna due to the 
circular ground plane effect. In the derivation, we begin with the following equation:
kad = J ( ^  y<H*)-ds (3.45)
s
where is power radiating out from the printed strip monopole, S  is the surface enclosing the 
antenna, E  and H  are the electric and the magnetic fields of the printed strip monopole. Since, the 
monopole antenna is mounted on the finite circular ground plane, the electric and the magnetic fields 
as expressed in (3.45) can be written as:
E  = E “ + E «  (3.46)
#  = (3.47)
where E ” and JT" are the electric and the magnetic fields when the ground plane is infinity and and 
are the compensated of the electric and the magnetic fields due to the finite circular ground plane 
effect. As the narrow strip is considered, there is no variation in the fields in the ^ direction. Thus,
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there is no component of the electric field in the ^ direction, and the magnetic field has only a ^  
component. The electric and the magnetic fields as expressed in (3.46) and (3.47) can be rewritten as
£  = (3.48)
H  = (3.49)
Substituting (3.48) and (3.49) into (3.45) and choosing the enclosed surface E to coincide with the strip 
monopole yields
t. 2ff
p ^ = - j | ( £ r + £ ; ) U ( J ï ; + f f | ) ’ u  p d ^ d z
0 0
=-2«p  j ( £ ; + £ f  o.so)
0
If the antenna has an input impedance Z„„ then
P,arf=Z„,/,(0)/,(0)* (3.51)
where ^ (0) is the total axial current at the input terminal. Matching (3.50) with (3.51), we get
From the ampere’s circuit law(^ H  ,dL = /  , it can be shown that
2«-
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2 n p (3.53)
Thus, (3.52) may be rewritten as;
(3.54)
If the impedance of the antenna over an infinite ground plane is denoted by Z”, then
(3.55)
Hence, subtracting (3.54) with (3.55) gives the impedance correction term, Az, as:
4 (0 )A (0 ) (3.56)
Up to this point, we can see that when the electric field E f is known, the impedance correction term 
can be derived.
As shown in the literature [3.13], the electric field E f must be satisfied the wave equation
—  1—%—T— I---------dz dp  p d p y
(3.57)
subject to the boundary condition E | = 0 on the circular ground plane and can be expressed as:
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£ f  = - y 3 0 -
1 +
Hlk^ Qg+^ nlA)
■ E Â i
(3.58)
Thus substituting (3.58) into (3,56), we get
A = ; 3 0
nk,ffCg
\ l ,{ z ) d z
4(0)
i+ -
J(2k,ffag+3}r/4)
y K / f ‘
(3.59)
By combining (3,44) with (3,59), the input impedance of the printed strip monopole antenna on 
circular ground plane can be written as:
Z,.. +
2
4(0)
1 4- _
(3.60)
Since the total axial current was determined by using the moment method, it can be represented by the 
combination o f the pulse function with the complex amplitude a„ . Therefore, (3.60) may be rewritten
as:
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I Ë “ ”e n=l
N
1 +
jX2k,j^ag+37r/4)
(3.61)
3.5.2 Radiation Pattern and Antenna Gain
To fully describe the characteristics of an antenna when receiving or transmitting radio waves the 
radiation pattern U{0,<j>) must be specified. It can be expressed mathematically as [3.12]:
(3.62)
Thus, substituting the electric field as expressed in (3.40) into (3.62) the radiation pattern of the 
printed strip monopole antenna on circular ground plane can be written as:
co s^ ( — ]^ p ) l e j p= l 9=1
'  A  sin gcos((l-fi;, ) , _^9
s m O '^ a ^ e
n=l
j\z„ COS0 sin
kw .- s in ^ s in ^
+
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E I ttT k Q j p=l 9=1
A /,'smgcos(ÿ-f)') (3.63)
where
E  = (  k jlJe  V4;rW (3.64)
Once the radiation pattern o f the antenna is known, the antenna gain that is used to describe
the ability of the antenna to receive or transmit power in a particular direction ( ^ ,  ^o) compared with a 
non-directional antenna, can be derived. The antenna gain can be expressed mathematically as [3.12]:
2iT JT (3.65)
i=O0=O
In (3.65), is the antenna efficiency, which is used to take into account losses at the antenna input
terminal and within the antenna structure. To calculate the antenna efficiency, we have assumed that 
the antenna is loss-less. Thus the antenna efficiency will only depend on the mismatch between the 
input impedance of the antenna and the characteristic impedance of the feeding transmission line, and 
can be calculated from the following equation
(3.66)
where T  is the input reflection coefficient and this can be obtained from (3.43).
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3.6 Results
As described in the research publications [3.14 -  3.17], the new era of the indoor wireless 
communication such as Wireless Home Link (WHL) will take place at a frequency of around 5 GHz 
5.15 - 5.25 GHz). To support the operation in this research area, the frequency of 5.2 GHz will be 
considered as the center frequency in this study.
3.6.1 Numerical Analysis
In this section, the char acteristics of the printed strip monopole antenna on circular ground plane will 
be investigated numerically. According to the antenna structure, it is evident that the characteristics of 
the printed strip monopole antenna on circular ground plane can depend on the following parameters: 
the dimension of strip monopole, the radius o f circulai' ground plane, the thickness and the width of 
substrate and its dielectric constant. To reduce the variables in the calculation, some of these 
parameters will have fixed values. They will be the strip width (w.,), the thickness (h) and width (d) of 
the substrate and its dielectric constant (s-^ ?). The values of these fixed parameters are: 0.035A, or 2
mm, h = 0.63 mm, (7= 3w^.or 6 mm, Sp = 6.15.
To investigate the characteristics of the antenna, let us begin by considering the radiation patterns of a 
quarter-wave printed strip monopole antenna for various ground plane radii as shown in Fig.3.6. As 
can be seen the radiation pattern of the antenna appears non-directional in the azimuth or H plane with 
beam-tilt radiation pattern in the elevation or E plane. With a ground plane radius of 0.251 the 
radiation pattern of the antenna is similar to the radiation pattern of a dipole. When the radius of 
circular ground plane increases beyond about 0.701, the numbers o f lobes under the ground plane 
begin to increase. The level o f the maximum lobe under the ground plane will decrease when the 
ground plane radius is increased and should decrease to zero when the ground plane radius is infinite.
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Cl -  0.251
= 0.701
a.. =  5.01
190" 90
90’ 90'
90' 90'
90' 90'
90’ 90
90' 90'
a . -  0.501
a .  =3 .01
a.. = 601
Fig 3.6: Radiation patterns for various radii of a quaiter wave printed strip monopole antenna 
on circular ground planes ( ------------E-Plane, — .........H-Plane)
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Ceiling
RP-Terminal 
(Conducting Case)
Supporter Printed strip 
monopole 
antenna
Fig 3.7: An idea for deriving the circular ground plane of the antenna
In the practical case, the circular ground plane may be derived as a part of the circuitry case as 
illustrated in Fig.3.7. Thus, the radius of the circular ground plane must be confined by the case width. 
In this study, the case width will be assumed to be 1 .OA,. Therefore, the ground plane radius will have a 
fixed value as O.SOXor 29 mm. We will focus on this ground plane size and continue our analysis.
Figure 3.8 show the radiation patterns for various strip lengths when the ground plane radius is fixed 
as 0.50A,. We can observe that, as the strip length increases the main lobe of the antenna becomes 
narrower. Thus, the antenna gain should also increase with the strip length. To clarify this, the antenna 
gain was calculated as a function of the strip lengths. The result will be shown in Fig.3.9 by the solid 
line. In the antenna gain calculation, the antenna efficiency was assumed to be 100 %. From Fig.3.9, it 
is seen that when the strip length increases in the range 0.50 - 0.65À the antenna gain will increase 
linearly. At the strip length of 0.65A, the highest antenna gain of 5 dBi is obtained. Nevertheless, the 
radiation pattern of the antenna can become more directional with the narrow beam (see Fig.3.8). This 
is not desirable as the antenna gain can be high in the undesired direction. Thus, to design the antenna 
the strip length must be judiciously chosen to give a compromise between high antenna gain and an 
acceptable radiation pattern.
54
Chapter S
/  = 0 .2).
/  = 0 .5 )
90" 90'
90" 90'
/  = 0 .3 )
= 0 .6 )
90" 90'
90* 90
/ = 0 .4 )
/ = 0 .7 )
Fig 3.8: Elevation radiation patterns for various strip monopole length of 
the printed strip monopole antenna on the 0.501 ground plane radius
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60 td
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I
50
I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.
Strip Length [Wavelength]
40
30
Fig. 3.9: Antenna gain and beam-peak angle as a function of the strip length
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It is note that the beam-peak angle o f the main lobe is varied with the strip length (see Fig.3.8). To 
investigate this, the beam-peak angle was calculated as a function of the strip length ranging fi om 0.15 
-  0.751 The result is shown in Fig.3.9 by the dash line. As can be seen the beam-peak angle will 
increase as the strip length increases and it will be opposite when the strip length is longer than 0.551
Figure 3.10 shows the impedance characteristic of the antenna as the function of the strip lengths when 
the ground plane radius is fixed as 0.501. It is seen that, when the strip lengths are about 0.301 and 
0.701 the antenna acts has an impedance with both high resistance and high reactance. The resonances 
of the antenna will occur at various strip lengths, such as 0.171, 0.271, 0.581 and 0.671. At the odd 
resonance (4 = 0.171 and 0.581), the input resistance is of the order of 35 Ohm, while at the even 
resonance (4 = 0.271 and 0.671), the input resistance is quite high (>I00 Ohm). Thus, to integrate the 
antenna with the 50 Ohm port, the strip length must be chosen around 0.171 or 0.581 so as to simplify 
the antenna matching.
200
150
Resistance
100
O
B
Reactance
-100
-1500.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strip Length [Wavelength] 
Fig. 3.10: Input impedance as a function of the strip length
56
Chapter 3
>
5
4
3
2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strip Length [Wavelength]
Fig. 3.11: VSWR as a function of the strip length
To avoid the need for a complicated antenna matching network whilst obtaining a good match, the 
antenna matching should be accomplished by adjusting the strip length slightly from the odd resonant 
length, i.e., 4 = 0.17A, and 0.581. In order determine the required length, the VSWR as a function of 
strip length was calculated. The numerical result is shown in Fig. 3.11. From the result, we can see 
that to obtain the lowest VSWR the strip length must adjusted to be 0.201 or 0.601. Thus, these strip 
lengths can be used as the parameters in the design o f the antenna.
3.6.2 Experiment Results
To verify the validity of the theory, a 5.2 GHz prototype antenna was fabricated and tested. Then the 
measured results were compared with the theoretical results. The strip monopole was printed on an 
organic-ceramic substrate with a dielectric constant of 6.15, a thickness of 0.63 mm and a width of 6 
mm. The width and the length of the strip are 2 mm and 11.54 mm (= 0.201), respectively. This
57
Chapter 3
monopole is mounted on the circular ground plane, which is made from copper sheet, with a radius of 
29 mm (= 0.501). The antenna is excited through a 50 Ohm SMA connector from underneath the 
ground plane. A photograph of the prototype antenna is shown in Fig. 3.12.
Fig. 3.12: Prototype antenna
Figure 3.13 shows a comparison between the calculated and the measured input impedance in the 4 -  6 
GHz frequency range. The input impedance was measured by using HP8510 Network Analyzer. The 
antenna was connected to the network analyzer through an adaptor. Therefore, the impedance transfer 
equation is utilized to compensate for the phase delay. As can be seen in the Figure there is good 
agreement between the calculated and measured results. The slight difference in the results near the 
frequency of 6 GHz might be due to neglecting the polarization current effect in the current calculation 
and imperfections in the construction of the prototype.
In order to investigate the impedance bandwidth of the antenna, the input VSWR was calculated as a 
function of frequency and the result was compared with the measured data. The comparison is shown 
in Fig.3.14. It is seen that the antenna is well match with the VSWR<2 over a 30% bandwidth from 
4.4 GHz to over 6 GHz.
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1.0
0.5
03
0,5
-2J
-®- Calculated [Step 0.1 GHz] 
—  Measured
▲
Marker Frequency [GHz]
A
1 4.0
2 5.2
3 6.0
Fig 3,13: Comparison of calculated and measured input impedance
00>
5
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Measured
4
3
2
14 4.5 5 5.5 6
Frequency [GHz]
Fig 3.14: Comparison of calculated and measured VSWR
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Figure 3.15 shows the comparison of calculated and measrued radiation patterns at frequencies of 4.4, 
5.2 and 6 GHz, which correspond to lower end, center and upper end frequencies of the operating band 
of the antenna, as defined by VSW R<2. To measure the radiation pattern an indoor field test was 
done, using the equipment available. The fax* field range of 1 m was used and a printed strip dipole 
antenna was employed as the transmitted antenna. Absorber screens were placed to prevent reflections 
from the ground and other objects around the test-site.
Frequency E-Plane (0 <0<  180°, ^  = 0°) H-Plane(^ = 45°,0 < (^  < 360°)
0” 180“
4.4 GHz 90° 190”
O'
180“
5.2 GHz -10' 90"90° 270”
O'180“
180°
6.0 GHz 90“90“ 270“ I
O'
Fig.3.15: Comparison of calculated and measure radiation pattern 
( ------------Calculated,  Measured)
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From Fig.3.15, it can be seen that there is good agreement between the calculated and the measured 
results. Some errors are evident and these might due to the imperfectness o f fabrication and the 
limitations of the test-site. As illustrate in the Figure, the printed strip monopole antenna possesses an 
omni-directional radiation pattern with beam-tilt of around 45“ measured from the monopole axis (z- 
axis) over the operating frequency band 4.4 - 6 GHz. The E-plane half-power beamwidth of each 
frequency is 64°, 59° and 56° for 4.4, 5.2 and 6 GHz, respectively.
O
I
5
Calculated
Measured
4
3
1
O'----------4.4 4.6 5.4 5.6 5.8 64.8 5 5.2
Frequency [GHz]
Fig.3,16: Comparison of the calculated and measured antenna gain
Figure 3.16 show the comparison of calculated and measured antenna gain as a function of 
frequency. The Friis transmission formula [3.12] was used in the calculations to achieve the measured 
gain. It is seen that the measured antenna gain was more sensitive to frequency variations than the 
calculated values. However, both the measured and calculated results show the same trend. The 
antenna gain of the prototype antemia varied aiound 2 + ldBi, observed from the designed frequency 
of 5.2 GHz.
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3.7 Conclusions
A simplified theory for analyzing the characteristics of a printed strip monopole antenna on a circular 
ground plane has been proposed. It is based on using the moment method analysis. The simplified 
integral equation as derived in the previous chapter was applied as the integral equation of the 
problem. The validity o f the theory was demonstrated through experiment. Good agreement is 
obtained. From the obtained results, the antenna possesses the beam-tilt omni-directional radiation 
pattern with antenna gain of aiound 2.5 dBi and the impedance bandwidth, defined by VSWR<2, is 
greater than 30% from 4.4 GHz to over 6 GHz.
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Chapter 4 
Printed Strip Monopole Antenna with Parasitic Elements 
on a Circular Ground Plane
4.1 Introduction
The printed strip monopole antenna on a circular ground plane was presented in the previous chapter, 
where it was shown that this provides good performance in a circular operating area due to the non- 
directional pattern in the azimuth plane and a beam-tilt pattern in the elevation plane. In some 
circumstances, where the users have to move along a confined path such as a tunnel or corridor, a 
beam-tilt bi-directional radiation pattern is required to cover the service area, and avoid reflections 
from the tunnel wall.
To achieve the bi-directional antennas, the antenna may be constructed as a combination of two uni­
directional antennas, such as the Yagi-Uda antenna, pointed in opposite directions. However, antennas 
constructed using this technique suffer from a bulky structure, and a complicated feed network that 
makes them expensive. Another development o f the bi-directional antenna is the bi-directional narrow 
patch antenna [4.1], which has narrow patches on both sides of a narrow dielectric substrate fed by a 
parallel strip-line. Unfortunately, the radiation efficiency of this antenna is quite low. To overcome 
this problem, a bi-directional antenna using two notch antennas cut in a sheet of conductor above a 
ground plane [4.2 -  4.3] was proposed. The advantage of this antenna is that it has simple structure 
and is low-cost. However, it cannot be directly integrated with the RF-circuitry in a single structure.
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In order to integrate the antenna with the RF-circuitry, a microstrip format would be preferable. 
However, it is evident that to obtain the beam-tilt radiation pattern these antennas require a higher 
mode excitation that makes them complicated to design [4.4 -  4.5]. Additionally, in order to achieve 
compactness it is necessaiy to fabricate the antennas on high dielectric constant substrate, and this has 
several disadvantages. For example, microstrip patch antennas printed on high dielectric constant 
substrates are typically narrow-band and have relatively low radiation efficiency due to an undesired 
substrate mode [4 .6 -  4.7].
To overcome the problems mentioned above, a simple bi-directional printed antenna is proposed in 
this work. The proposed antenna consists of a printed strip monopole antenna with parasitic elements, 
which are mounted on a circular ground plane. So the parasitic will modify the omni-directional 
radiation pattern o f the printed strip monopole antenna to give a bi-directional pattern. Since the 
structure of the proposed antenna is derived from the printed antenna, so it can be directly integrated 
with the circuitry and a higher mode excitation is not required, as in the microstrip antenna, to achieve 
a beam-tilt radiation pattern. Although this antemia configuration is not new when considered in the 
wire version, no work has previously been reported about the chai acteristics of a printed version. Thus 
there is a need for a comprehensive study of the characteristics of this antenna for bi-directional 
applications.
4.2 Antenna Structure
The geometry of the printed strip monopole antemia with parasitic elements, mounted on a circular 
ground plane, together with the coordinate system are shown in Fig.4.1. A strip monopole with a 
width, Ws and length, 4,, was printed on a dielectric substrate with a dielectric constant, Sr , and 
thickness, h. The width of the substrate is d. The pai'asitic elements are constructed conducting wire 
with a radius, ap, and length. Ip. The spacing between the elements was Sp and the radius o f ground
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plane, Qg. The antenna was excited by a voltage source, v^, between the strip monopole and the ground 
plane.
Substrate with thickness o f  "h
Conducting wire 
with radius o f  "a
Lv
X
Fig.4.1: Printed strip monopole antenna with parasitic elements on circular ground plane
4.3 Current Distribution
When the antenna is excited, currents will flow on the strip monopole antenna and the radiating field 
of the monopole will induce currents to flow in both the parasitics and the circular ground plane. In 
order to determine these currents, the currents in both the printed strip monopole and the parasitic 
elements will be calculated first. This will be achieved by using the moment method [4.8]. Then the 
current distribution on the ground plane will be derived from the monopole current obtained 
previously, by using the ground plane current sheet model [4.9].
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L e t J , ( y , z ' ) , a n d  J^{^',z)hQ the surface current distribution on the printed strip monopole
antenna and the parasitic elements, respectively. These currents can be expressed in terms of the 
unknown total axial currents/,(%'), and /^(%')as:
A M
27ta,
, = A (z ')
2na^
(4.1)
(4.2)
(4.3)
In order to construct the integral equation of the problem, the circular ground plane is assumed to be 
infinite, so that image theory can be applied. This allows us to model the antenna shown in Fig 4.1 as 
the equivalent dipole antenna array shown in Fig.4.2.
Real Antenna
Image Antenna
k
MW#
2v,
X
A,
♦
21. 21
Equivalent Equivalent
Wire Dipole Printed Strip Dipole
Fig.4.2: Model for calculating the current distribution of the antenna
■y
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The integral equation of the dipole array antenna as shown in Fig.4.2 can be considered as the sum of 
the integral equation of the printed strip dipole antenna and the integral equation of the wire dipole 
antenna. Thus, using the integral equation for a printed strip dipole antenna as derived in chapter 2 and 
the conventional integral equation for the wire dipole antenna as expressed in the standard literature 
[4.8]. The integral equation of the antenna in Fig.4.2 can be written as:
; feed gap (}» = 0 ,z  = 0)
; elsewhere
(4.4)
where
G,. [ i y , z ) / z'] =   ^ ( 1  + j \ ^ R X 2 R f  ~ 2 a f )  +47rSiRf (4.5)
r  = yZ] t a n -  JZ^  ta n [ k ^ , h ^  
2Z J.a  +  yZ j tan ( t ,  + jZ ]  ta n ( t .
(4.6)
A ; / = 2 ,3
(4.7)
(w ,/4 );z  =  l
üp ;/ = 2,3
(4.8)
s, —
SrU -  1 
l = z = 2,3
(4.9)
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and
^ J a f + { z - z Ÿ  ; z = l
•n/^ 2  + { y ~ S p Ÿ  + { z ~ z Y ; i  = 2 (4.10)
^  + {y  + Sp f  + { z - z f ’, i  = 3
The terms i)(z'),=i2 3 (4.4) are the unknown total axial currents of the equivalent dipole array. Once
these unknowns are found, the total axial currents7,(Z), /^(z') and I^{z')cm  be determined as they 
correspond to the current flowing on the real antenna of the equivalent dipole array.
To solve the integral equation as expressed in (4.4) thiough use of the moment method [4.8], we begin 
by expressing the unknown total axial currents 7j(z'), A (Z)and as a linear combinations of the 
basis function of terms with the unknown coefficients , âj,, and «3,,. That is
= (4.11)»=I
Â M  = Z ^ 2 " / , M  (4.12)
H=J
= (4.13)
;i=l
where /^,(z') is the basis function. As the current will be zero at both end of the dipole, so that
piecewise sinusoid will be chosen as the basis function. By substituting (4.11) through (4.13) into
(4.4), we get
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-yû>o^o
2 v / i + r ) ;  f e e d  g a p
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(4.14)
-/,+hA.
j  G, Y y , . ) l z ' ] d z '  +
-/,+(/?-!) A, s in (A A ,)
-/f+«A; sin (AA, )
(4.15)
A  =
0 ; /  = 2,3
(4.16)
and
(4.17)
Expression (4.14) leads to one equation with 3N  unknowns. To solve the equation, 37/ linearly 
independent equations are required. To obtain the 37/ linearly independent equations, we begin with 
defining the vector column function, G,„(y,z), as
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G„,{yy^) =
g k ^ ) ^ ( T - o )
g L W ^ C y -o )
g^(z)^Q / + f^)
g l{ z )S { y + S p )
(4.18)
where (5(«)is the delta function and glf'^(z) are referred to the testing functions. Here, a piecewise 
constant function as shown in Fig. 4.3 is used.
y  = -^p
I—
r
A,
T
g i(^ ) 'f»+i [r'
Ao
T
g i(^ )
- /
y  = Sp
■'W+l I
\T
A ,
f
0 ; elsewhere
Fig. 4.3: Testing function
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By multiplying both side of (4.14) by (4.18) and integrating the equation with respect to y  and z  over 
the domain of the problem, the 37V linearly independent equations can be obtained.
«=I
«=1
5 ' - 1 - +  + S . . . 2 ,H=1 2 ' 71=1
+ z « 3 „ z * ;  = 0
M = 
 2 "
N
2v (l +  r )A ,
—
?J=1
w=l
+  Z « 2.Z
;i=l
+ Z  ^ 277-^ 1 «=l
+  Z « 3 „ z » , = 0/I=l
+ E « 3 „ Z 5  = 0«=l
Z a , „ z
//-I
N
+ Z ^ : .Z :
N
+ Z '^ 277-^ 1
«=1 7i=l
+  E « 3 „ Z » ,  = 0/f—Î
+ Z « 3 „ z ”  = 0
»=1
(4.19)
77=1 77=1 77=1
where
ZL =
-Z,+(77-I)Aj Sin
+
dz (4.20)
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Thus by solving the equation (4.19), the unloiown coefficients5 , 53,,, Ô3,, and the unknown total axial
curren ts/,(z '),4 (z '), /^(z')can be determined. In order to solve equation (4.19) using the moment
method, the voltage Vg will be assumed to have a fixed value of 1 volt. The gap at the feed point
will be fixed as equal to the segment width of the printed strip dipole A ^{= 21JM , where M i s  the
number of division of the printed strip dipole antenna). The number of basis function as 25 is used. 
Furthermore, to simplify the solution from the moment method, pulse approximation is adopted.
Following the methods described above, the suiface current distributions J ,( z ') , A (z ') and 73(2 ') can 
be written as:
= (4.21)
M=1
=  (4,22)
= (4.23)
where au„ a2„ and are the complex amplitudes and f„ iZ) is the pulse function. The next step of the
current calculation is to determine the current distribution on the circular ground plane. According to 
the principle of superposition, the current distribution on the circulai- ground plane can be expressed 
as:
=  (4.24)
where and are the ground plane currents due to the monopole current J, and the parasitic
current J , , , respectively. To derive these ground plane currents, the ground plane current sheet model
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[4.9] is adopted. By following the same procedure as in section 3.3, but with the position of parasitic 
current offset from the origin of the coordinate, the ground plane currents and JP can be
written as:
J K  +■ 1
^ g-AZ%(o.o,4)
J k  + ^ ( 0 , 0 , 4 ) 0 ,4 )
(4.25)
J K  + R{Sp,7Tl2,lp) R \S p ,7 T l2 ,lp )
J K  + 1 -Jk„(JL (s„,7tI1)-R .(.V ,k H))
J
(4.26)
p p J K  +
1
R{s . ,~rrf2,L)p ' j R {s^,-7T12,L)
J K  + - j \ { R g  (Sp -Jt / 2)-Rp(Sp ,-7r/2))
(4.27)
where
73
Chapter 4
R ( d ,^ . ,0  = ^Jp'^ + d^ ~  2 p 'd c o s ( f  - # J  + zf, (t) (4.28)
R a A ,0  = y j^ l  + d ^ - 2 a ^ d c o s ( f  ~ ^ J  + zf, (t) (4.29)
Rp {d, (j), ) = p'^ 2 p 'd  cos(^ ' -  (^ „) (4.30)
(^ , <^J==^ja l+d^- 2a ^ d  cos(^ ' -  ÿ). ) (4.31)
and
2 » ( 0  = (4.32)
4.4 Radiation Field
In order to find the radiation field of the antenna, the two-step procedure as described in section 3.4 is 
used. Referring to the coordinate system for calculating the radiation field of the antenna as shown in 
Fig.4.4, the vector potential at the observation points P outside the antenna can be written as:
Â — Â  ^+ Â2 + A^ + A^ (4.33)
where
A  ^ is vector potential due to the strip monopole current Ji(_z')
Â 2 , Z3 are vector potentials due to the parasitic currents J 2.3 ((^ % ^ ')
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Fig.4.4: The coordinate system for calculating the radiation field
Following the procedure as done in section 3.4, the vector potentials and can be derived as:
- j k . r  N
r
Jkz„ (I, )cos0
w Sin sin ^ sin ^
 - s in ^ s in ^
(4.34)
f t  e - * '
4;r r If jUJ P Q
-  f t  e - ’’’ ' (  I n  
’ An r  I p )  p=\ q=\
'  A '  \  o i ' i i  A '  „ J k . P q ^ m 0 z o s { < ^ - < l i 'p  )  t
P q
(4.35)
Next by considering the configuration of the current source J 2(^ ',z ') . which distributes at the local 
coordinate as illustrated in Fig. 4.5, the vector potential due to the current J^{(f)',z') can be written as:
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U V r - — ^ ^ p d c c ' d z '
0 0 R.
(4.36)
>y
Ground-plane
Fig.4.5: Coordinate system for determining
Thus substituting the surface current ((!>', z') as expressed in (4.22) into (4.36), gives
Ip Irc
0  0 "= > R.
a ^ d a 'd z ' (4.37)
where R2 is the distance between the observation points P and arbitrary points on the current source 
J 2 ((/)', z')- When the observation point is made in the far field range, the distance R2 can be 
approximated by
76
Chapter 4
Rj ~ i"2 for amplitude variations (4.38)
R ^ ^ r ^ -  r'.a,. for phase variations (4.39)
where F ' and a,, are the vector positions of the current source and the unit vector o f the radius
direction in the spherical coordinate, respectively. For the problem of Fig.4.5, the vector position can
be written as:
f '  =  Qp cos a 'a ^  +  ap sina'a_,, + z 'a^  (4.40)
Thus, substituting (4.40) into (4.39), we have
- ( a „ c o s a '5 , .+ Û s in a 'a ^  + z 'a j - a , .  
«  2^ - {üp s in /? c o s ( a - a ' )  + z ' co s /3)
Combining (4.37), (4.38) and (4.41), we get
—jk ^ r ^  2?r {  -I N  A
2 = 5 ^ ^  f — y % 2 , ( z ')  (4.42)â.'n- 1^  j j 2na„  ^V f /
The integration with respect to a '  of (4.42) cannot be carried out without some approximation. To 
perform this, the parasitic used here will assume to have a small radius . Therefore, the function
sin P  cos(or-or’) ^ tS )
which is a part of the integrand of (4.42), can be approximated by a Maclaurin series about = 0. 
Hence,
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j k ^ a  s in ;3cos(o r-a ') 1 + J K a ^ sm .fic o s{a - a ' ) - ~ { k ^ a  s in /3 c o s(a - a ' ) f  + ... (4.44)
By taking into account only the first two terms of (4.44) and substituting into (4.42), yields
4;r A e ' ^ d z '0 «=1
J 2fT— f (1 + jk ,a  sin j3 co s(a  -  a  ')d a  ' 'In  i
= a 4;r ni
(4.45)
When the observation point is taken in the far field range, the variables Vi and J3 of the local 
coordinate system may be written in term of the variables r and G of the global coordinate system as
for amplitude variations
?2 «  r  -  s  sin 6  sin (f) for phase variations
(4.46)
(4.47)
and
(4.48)
Thus using (4.46) tlnough (4.48), the vector potential ^^as expressed in (4.45) becomes
n  6  ^  sinCsmÿl+z,,(/p)cosg) (4.49)
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Similarly, following the same procedure as done above the magnetic vector potential 2^can be 
obtained as:
A. = a.-  ^  ° -jK{spSm.9sh\^-z„{lp)<:xisO)An r (4.50)
Combining the equations (4.33), (4.34), (4.35), (4.49) and (4.50), we get
■ 4;r r ( F \ Q  J  P = \  9=1
M, e-*' ^ l n \
An r le j p=\  9=1
5 A "
- j K r ,Az„(/Jcosg
/3-I
sm sin^sin^Zi
^-^sin6^sin(z52
+
A  I
liTiN (4.51)
To derive the radiation field, the vector potential is needed to express in spherical coordinate 
components. So, applying the vector transformation to (4.51), we have
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A  =
-j\r
An r cos 9
<’2n'\(a  ' ' i - eg
y Q y p=l 9=1
s in ^ S A./Ï ^Az„(/«)cos6»n '“/J=l
sin ^ ^ s i n é ' s i n ^
kw .-s in  6  ^sin  ^
+
N  }  N  1Z V  j'A-.(j^singstti^+2„ (/„ )co s6>) , P  „  - A ( * f s m 0 sin$>-2„{/^)cos(9) I (4.52)
and
A, == — g
-jhr
An r P J
8
v ô y p=l 9=1
(4.53)
Once the vector potentials and are known, the electric field at the observation points can be 
obtained by substituting (4.52) and (4.53) into (3.37) and can be written as:
E  =  - J
- j K r
An r cos 6 \ —  J
2 ; r y o  ^
\ Q  j  p=i ÿ=i
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siné»
J; A  e
■ jX > '
An r
N  7"V-S-// aAz,,(4)cos@
sm h w . sin d  sin ^
kw,. sin <9 sin
+
J L l p  Jk^{SpSm0sm<^+z„{lp')cos0) J k l
»=1 N
-J k , ( ï  sini9sillÿi-2„ (/ )cos0)
27T
~p \ G ; Z  Z  y  (&  > -  <^ p)«p = l 9=1
Ap,sinfcos(j4-{5 ) (4.54)
4.5 Input Impedance
Before the printed strip monopole antenna with the parasitic elements on the circular ground plane can 
be integrated with RF circuitry, the input impedance must be clai'ified. Calculation of the input 
impedance is based on Ohm’s law. Since an infinite ground plane is assumed in the current 
calculation, modification of the input impedance obtained from Ohm’s law is needed to compensate 
for the finite ground plane effect. In this work, the impedance correction term due to a circular ground 
plane effect as presented in [4.9] was used. The input impedance of the printed strip monopole antenna 
with the parasitic elements on the circular ground plane can be expressed in the mathematical form as:
/ V -
1 +
(4.55)
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where Vg and are the voltage across the input terminal, and the total input axial ciUTent, receptively.
Since the moment method analysis was used for determining the current distribution of the antenna, 
the total axial current can be represented by the combination of the pulse function and the complex 
amplitude a,„. Therefore, input impedance as expressed in (4,55) can be rewritten as:
1
4/1 -
I r  J i= L -
a.
1+ -
y(2%Oj+37r/4) (4.56)
Once the input impedance of the antenna is known, the VSWR and input reflection coefficient T  can 
be derived.
VSWR = i + l d
1 - i n
(4.57)
r  = z „ - z .z..„+z (4.58)
where Z, is the characteristic impedance of the transmission line.
4.6 Radiation Pattern and Antenna Gain
The radiation pattern of the printed strip monopole antenna with the parasitic elements on the circular 
ground plane can be obtained by substituting the electric field as expressed in (4.54 ) into (3.62).
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C/(6',ÿ>) =
& cos 6» —P \ 6 y p=\ 9 = 1
s iii0 Jk,z„{l^)cos6
sin •^^sin<9sin{z}
— - s m ^ s m ^
+
N 1p  A G p S m ^ s i n ( i l + 2„ ( / p ) c o s ^ )  ‘ p  - A G p s i n @ s m f l - 2„ ( / ^ ) c o s 0 )+
+
where
f  j y Q j /j=I 9=1 Pn
(4.59)
E  = kVoArc (4.60)
Once the radiation pattern o f  the antenna is imown, the antenna gain can be calculated from 
the following equation.
(4.61)
J  ^ { 6 , f ) s m 6 d 6 d^
<^~Q 0=0
where F is the input reflection coefficient. It can be obtained from the equation (4.58).
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4.7 Results
4.7.1 Numerical Analysis
In this section, the characteristics of the printed strip monopole antenna with the parasitic elements on 
the circular ground plane will be investigated numerically. A frequency of 5.2 GHz was considered as 
the design frequency.
We expect that the parasitic will modify the radiation pattern of the printed strip monopole antenna to 
that of a bi-directional antenna. To demonstrate this, let us consider the radiation pattern of the new 
antenna structure with the following dimensions: 2 mm, 4 =  11.54 mm (= 0.20X), £r = 6.15, h =
0.63 mm, d = 6 mm, = 29 mm (= 0.50 X), üp = 0.25 mm. Ip = 14.42 mm (= 0.25 X ) and Sp = 2 0 .2  
mm (= 0.35 A,). The results are depicted in Fig.4.6.
X
E-Plane ( 0 ° <^<180%(z) = 0°) H-Plane ( ^  = 45°;0° < ^ <360" )
90“ 270
Fig.4.6: The radiation pattern at 5.2 GHz of the printed strip monopole antenna 
with parasitic elements on circular ground plane
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From Fig.4.6, it is evident that when the parasitic is included it will force the radiation field of the 
printed strip monopole antenna to radiate in the ±  x  direction. The antenna will possess bi-directional 
radiation pattern in the azimuth plane with beam-tilt radiation pattern in the elevation plane. The main 
lobe of the antenna points along the ±  x  direction with the beam-peak angle of around 45° measured 
from the monopole axis (z axis). The antenna gain in main lobe direction is 4.5 dBi. The half-power 
beam widths in the E-plane and H-plane are 65 ° and 72 respectively.
Figure 4.7 shows the contour of the antenna gain as a function o f the paiasitic length and the spacing 
between the elements. The contour is a plot for the case in which the parasitic radius is fixed and equal 
to 0.25 mm. Other antenna parameters are listed in Table 4.1. In the calculation, the antenna efficiency 
was assumed to be 100%. By using the contour of the antenna gain as shown in Fig 4.7, the parasitic 
length and the spacing between the elements can be determined to provide the desired antenna gain. 
For example, when the desired antenna gain is 5.12 dBi, the parasitic length and the spacing between 
the elements must be chosen to be 0.23 X and 0.46 X , respectively.
Antenna Gain [dBi]
0.25
%  0.235
0.225
0.25 0.35 0.4 0.45
Spacing [Wavelength]
Fig,4,7: Contour of antenna gain as a function of parasitic length and spacing between the elements
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Table 4.1: Antenna parameters used in the antenna gain calculation
Antenna dimensions Values
Dielectric constant (er) 6.15
Substrate thickness (h) 0.63 mm
Strip width (w,) 2  mm
Strip length (4) 11.54 mm (= 0 .2 0  X)
Ground plane radius (ct^ ) 29 mm (= 0 .501)
Figure 4.8 shows the variation of antenna gain against the parasitic radius in the range 0.15mm to 
0.5mm. In the calculation the parasitic length and the spacing between the elements were fixed at 
values that provided the highest antenna gain, i.e. /^= 0.23 X (= 13.27 mm), Sp = 0.46 X(= 26.54 mm). 
It seems that the parasitic radius has relatively little effect on the antenna gain.
5.2
5.18
5.16
B 5.08
5.06
5.04
5.02
0.50.4 0.450.3 0.35
Parasitic Radius [mm]
0.15 0.2 0.25
Fig.4.8: The antenna gain as a function of the parasitic radius
86
Chapter 4
4.7.2 Experiment Results
In order to prove the validity of the antenna theory, a 5.2 GHz prototype antenna was fabricated and 
tested, and the experimental results compared with the theoretical results. As shown in the previous 
section, to obtain the highest antenna gain the dimensions o f the antenna must be 2 mm, 1=11.54  
mm, Sr -  6.15, h = 0.63 mm, ag= 29 mm, ap= 0.25 mm, lp= 0.231 (= 13.27 mm) and Sp= 0.461 (= 
26.54 mm). Since the antenna efficiency was assumed to be 100% in the antenna gain calculation, the 
strip length must be adjusted slightly to compensate for the mismatch effect. It was found that to 
obtain the lowest VSWR when the mismatch effect is taken into account the strip length must be 
adjusted to be 0.2081 (= 12 mm). The dimensions of the prototype antenna are listed in Table 4.2.
Table 42: Dimensions of prototype antenna
Dimensions Sr h d k ap Ir Sp ag
Values 6.15 0.63 mm 6 mm 2 mm 12 mm 0,25 mm 13.27 mm 26.54 mm 29 mm
To fabricate the prototype antenna, the strip monopole was printed on an organic-ceramic substrate 
with a dielectric constant of 6.15, a thickness of 0.63 mm and a width of 6  mm. The width and the 
length of the monopole conducting strip aie 2 mm and 12 mm, respectively. The parasitic elements 
were made from conducting wire with a radius of 0.25 mm and a length of 13.27 mm. These elements 
were mounted on a circular ground plane, which was made from copper sheet. The radius of ground 
plane was 29 mm. The spacing between the elements was 26.54 mm. The antenna was excited through 
a 50 Ohm SMA connector from underneath of ground plane. A photograph of the prototype antenna is 
shown in Fig. 4.9.
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Fig.4.19: Prototype antenna
Figure 4.10 shows a comparison between the calculated and measured radiation patterns of the 
antenna at 5.2 GHz.
E-Plane (0° <^<180%(z) = 0 1  H-PIane (<9 = 45 ;0“ 360° )
0" 180”
90” 270”
Fig.4.10: Comparison of calculated and measured radiation pattern at 5.2 GHz 
( .......... — Calculated, ------------ Measured)
It can be seen that there is very good agreement between the measured and calculated values. Also, it 
can be seen that the antenna possesses a beam-tilt in the elevation (E) plane and a bi-directional
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radiation pattern in the azimuth (H) plane. The main lobe is directed along the + x  direction, with a 
gain of 5.2 dBi and 45° beam-peak angle in the elevation plane. The power ratio in the desired (x) 
direction to (y) undesired direction is lOdB. The half-power beamwidths in the E-plane and H-plane 
are 65° and 54°, respectively. The slight difference in the H-plane pattern in the vicinity o f 90° might 
be due to imperfections in the prototype construction and in the test-site environment. Further 
radiation pattern measurements were made over the frequency range 4 - 6  GHz range, and the results 
are shown in Fig.4.11. Two important points can be observed from the Fig. 4.11 : firstly, to constrain 
the main lobe to the ± x  direction with a power ratio around 10 dB, the antenna must be operated in 
the 5 -  5.4 GHz range, and in 4.8 -  5.6 GHz range for a 3 dB power ratio; secondly, at frequencies less 
than 4.8 GHz, the main lobe will point toward the ± y  direction. The half-power beamwidth angles for 
both the E-plane and the H-plane are listed in Table 4.3.
Frequency E-Plane ( 0° < <9 < 180° ; ^  = 0° ) H-Plane ( 0 = 45' ; 0° < ^ < 360° )
0” 180°
4.0 GHz
180’
90°
0°
180°
4.2 GHz 90°
0 °
Fig.4.11: Comparison of calculated and measured radiation pattern for various frequencies 
( ------------Calculated,  Measured)
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4.4 GHz 90'
4.6 GHz 90'
4.8 GHz 90'
5.0 GHz 90'
180'
Fig.4.11: (Continue)
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180°
5.2 GHz - 10' 270'
0”180’
5.4 GHz
5.6 GHz 90'
180°
I^ y30\ —10 270°
180°
180°
5.8 GHz
180'
-1 0- 10 ' 270°
180'
190°
Fig.4.11: (Continue)
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180“
6.0 GHz
180°
90'
O'
Fig.4.11: (Continue)
Table4.3: Half-power beamwidth angles (HPBW)
Frequency [GHz] 4.8 5.0 5.2 5.4 5.6
E-Plane HPBW [Degree] 63 65 65 65 64
H-Plane HPBW [Degree] 80 56 54 56 58
0.3
-0.5 -2J
-®- Calculated [Step 0.1 GHz] 
—  Measured
À
Marker Frequency [GHz]
A
1 4.0
2 5.2
3 6.0
Fig.4.12: Comparison o f calculated and measured input impedance
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Figure 4.12 shows the comparison of calculated and measured input impedance versus the frequencies 
in the 4 - 6  GHz frequency range. The input impedance was measured using an HP8510 Network 
Analyzer, with the antenna connected to the network analyzer through an adapter. Therefore, the 
impedance transfer equation is utilized to compensate the phase delay. As shown in Fig. 4.12, the 
comparison demonstrates a good agreement between the calculation and the measurements.
In order to investigate the impedance bandwidth o f the antenna, the input VSWR was measured in the 
4 - 6  GHz frequency range. The measured results are shown in Fig.4.13. It is seen that the antenna is 
well matched over a wide frequency range with a bandwidth, defined by VSWR <2, greater than 32% 
from 4.3 GHz to over 6  GHz.
The parasitic elements in our structure are used not only for forming the correct radiation pattern, but 
also for the broadening the impedance bandwidth. To demonstrate this, the measured VSWR of the 
antenna was compared to the measured VSWR of the printed strip monopole antenna without the 
parasitic elements as shown in Fig.4.13. It is clear* that, the bandwidth (VSWR < 2) of the new antenna 
is broader than that of the printed strip monopole antenna without parasitics.
>
5
Calculated
Measured
4
Monopole With Parasitic
Monopole Without Parasitic3
2
1 65.554.54
Frequency [GHz] 
Fig.4.13: V SW R  as a function o f  the frequency
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6
5
4
3
Calculated
Measured
5.65.2 5.4 5.84.8 5
Frequency [GHz]
F/^.4.14; Comparison of calculated and measured antenna gain
Figure 4.14 shows the comparison of calculated and measured antenna gain as a function of frequency 
in the 4.8 - 5.6 GHz. The measured antenna gain was obtained tlnough use of the Friis-transmission 
formula [4.10]. The experimental results are slightly higher than the theoretical one when the 
frequencies are higher than 5 GHz. However, both the measured and calculated results show the same 
trend, so we can be confident that this new theory is reliable. From the results obtained we see that the 
antenna gain varies around 5 ±  0.5 dBi in the vicinity of design frequency.
4.8 Conclusions
A simple bi-directional printed antenna has been proposed. The theory for analyzing the characteristics 
of this antenna has been established, based on the moment method analysis. The integral equation of 
the problem has been constructed from the sum of the integral equation derived in chapter 2  and the 
conventional wire integral equation. The validity of the theoiy was verified through practical
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experiments, where good agreement was obtained between measured and theoretical results.. From the 
results obtained it was shown that the antenna possessed a beam-tilt bi-directional radiation pattern 
with a moderate antenna gain of around 5 dBi. Also the antenna was shown to be well matched, with a 
bandwidth (VSWR < 2) greater than 32 % from 4.3 GHz to over 6 GHz.
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Chapter 5 
Printed Strip Monopole Antenna Fed by a CFW
5.1 Introduction
In some wireless applications a low profile printed monopole antenna is required such as the antenna 
used for the mobile handsets. The printed strip monopole antenna on a circular ground plane as 
presented previously is not appropriate due to the bulky ground plane. Recently, to obtain a low profile 
printed monopole antenna, J. Liang,et al [5.1] proposed a circular disc printed monopole antenna fed 
by a 50-Ohni coplanar wave guide (CPW) [5.1 -  5.2]. The ground plane of the CPW will act as both 
the ground plane of the transmission line and the ground plane of the monopole antenna. Thus, a low 
profile antenna structure can be achieved. However, the theory of this type of antenna is not available 
in the literature, as in previous studies researchers have employed a “trial-and-error” approach tlnough 
the use of commercial simulators such as CST Microwave Studio^^ package to investigate the 
characteristics of the antenna. So the development o f theory for analyzing the characteristics of this 
type of antenna is desirable, and will be addressed in this chapter.
In this work, a simplified analysis of the radiation pattern and input impedance o f a printed strip 
monopole antenna fed by a 50-Ohm CPW is proposed. The integral equation as derived in chapter 2 
has been applied to determine the current distribution of the printed strip monopole. Once this current 
is known, the radiation field of the antenna can be calculated by using the combination of two-step 
procedure and the uniform theory of diffraction (UTD). In order to find the input impedance of the 
antenna, we have modelled the problem as a transmission line terminated by load impedance.
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Applying the impedance transfer equation, the input impedance of the printed strip monopole antenna 
fed by CPW can be calculated.
5.2 Antenna Structure
CPW
X
Antenna Feed
Fig.5.1: Printed strip monopole antenna fed by CPW line.
The configuration of the printed strip monopole antenna fed by a CPW and its coordinate system are 
shown in Fig.5.1. The strip monopole antenna is printed on one side of a substrate with a dielectric 
constant of and a thickness of h. The width and the length of the strip monopole are Ws and 4, 
respectively. This monopole is excited via the uni-planar CPW transmission line of length L. The strip 
width of the signal of CPW is w\ and the width of the ground plane is W2 . The gaps in the CPW 
between the signal line and the ground plane are g.
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5.3 Current Distribution
To find the current distribution o f the printed strip monopole antenna shown in Fig.5.1, we have 
omitted the effect of the CPW and have assumed that the current distribution corresponds to the 
current distribution on a printed strip monopole antenna on an infinite ground plane. Thus, using the 
technique presented in chapter 2, the integral equation of the problem can be written as:
- 7 ^ 0 ^ 0 % “ - ^ — - - - - - - -  ;  f e e d  g a p
s •
e l s e w h e r e
(5.1)
where
G (z /z ')  = - ^ ^ ( l  +  A # ^ )(2 J î'-2 (0 .2 5 w ,)^ )  + (it.^0.25w,Æ f  (5.2)
2Z.Z,) + Arf tan(i.7£^/!) + yZ“
R = ^ { 0 . 2 5 w , f + ( z - z ' f  (5.4)
where 4 (z ')  is the total axial current of the equivalent printed strip dipole antenna. Once equation
(5.1) is solved, the surface current distribution J^ (ÿ ,z ')  on the printed strip monopole can be 
calculated from the following equation:
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(5.5)
where /,(z ')is  the total axial current of a printed strip monopole. The integral equation as expressed in
(5.1) can be solved by using the moment method. The piecewise sinusoid function is chosen as the 
basis function and the piecewise constant function is used as the testing function. The voltage source 
Vg will have a fixed value of 1 volt, and the small gap is set to be equal to the segment width. The
number of the basis function is 25, as used in the calculations throughout this work. Furthermore, we 
have reduced the complexity of the moment method solution by using the pulse approximation as 
illustrated in Fig. 5.2.
Pulse Approximation
Moment Method
Pulse (constant) Function
'm+1
f
0 z,
S t r i p  M o n o p o l e  
Fig.5.2: Pulse approximation of moment method solution
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5.4 Radiation Pattern
Considering the configuration of the antenna in Fig.5.1, it seems to be difficult to derive the radiation 
pattern as a function of all azimuth {(j)) directions. To overcome this problem, only the radiation 
pattern in xz (^  = 0°) andyz ( ^ = 90°) planes will be derived. Then, the three-dimension pattern will be 
deduced from these patterns. The model for calculating the radiation field of the antenna in the xz and 
yz  planes is illustrated in Fig.5.3 (a) and (b)
y
(b)(a)
Fig.5.3: Model for calculating the radiation field (a) xz - Plane (b)yz -  Plane
where is the direct field from the strip monopole antenna and E^' is the diffracted field due to the 
diffraction at the two edges of ground plane. It should be note that there is only the direct field 
when the observation points P are considered in the xz-direction. The electric field at any observation 
points P outside the antenna in Fig. 5.3 can be written as:
E  =
E ‘^ ; x z -p la n e
-h ; y z  -  plane
(5.6)
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In order to derive the radiation field as expressed in (5.6), we will begin with determining the direct 
field from the printed strip monopole antenna. It can be obtained by using the two-step procedure 
described in [5.3]. Then, the diffracted field will be derived using the uniform theory of diffraction 
(UTD) [5.4].
According to the two-step procedure, the vector potential A must be first be calculated. Considering 
the configuration of the current source J ^ ( y , / ) , the vector potential A at the obsei-vation point P can 
be written as:
- Jk r  4 
4 ^  '■ i - J ,n
- j Kr  N 4
=  Z f  f a j , ( z 'y ' ^ ' ' ° - d ÿ d z '  (5.7)
where a„ is the complex amplitude of the current at position z' = z„ and is the pulse function.
They are illustrated in Fig. 5.2.
In (5.7) F^is the vector position from the origin to the aibitrary points on and is the unit
vector o f the radial direction in the spherical coordinate system. Referring to Fig.5.3, the vector 
position Ep can be written as:
rp=ÿày+z'â^  ( 5 . 8 )
By substituting (5.8) into (5.7), we get
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-J k ,r  4 '‘i/2 jv
sin •^ ^ s in ^ s ir iû }2
A.W. . n ' J. (5.9)
Once the vector potential Â  is known, the direct field can be calculated from the equation:
(5.10)
Thus substituting (5.9) into (5.10), the direct field can be determined as:
AnN r sin 5* « = 1
A Sin sin^siii{z)
■ n  ' X^ s in ^ s in ^
(5.11)
Next, the diffracted field will be found, and the derivation is based on using the UTD method. 
Considering Fig.5.3 (b), it is evident that the diffracted fields from the two points (Qi, Q2) on the edge 
are significant in this plane. They can be expressed in the mathematical form as:
(5.12)
where Ê ‘^' (g, ), (Q^ ) are the diffracted fields from points Qi and Q2, respectively. According to the
UTD method, the diffracted field at the obseiwation point outside the antenna, as shown in Fig.5.3 (b),
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can be obtained from the product of the incident wave at the edge of ground plane and the diffraction 
coefficient. That is
E ‘^ = A ' { Q ) V ^ ~  (5.13)
where A' is the incident wave at the edge of ground plane. V is the diffraction coefficient, which can be 
obtained by considering the asymptotic form of the exact solutions of the simple canonical problem, 
and R is the distance from the diffracted point to the observation point.
In this problem, the incident wave is the direct wave from the antenna. It can be calculated from 
equation (5.11). Since we only need to find the diffracted field on ^ = nl2 plane. Therefore, it may be 
considered as a two-dimension problem. That is, the strip monopole will be considered as placed on 
the knife ground plane. Accordingly, the diffraction coefficient from the knife-edge canonical problem 
can be considered for use due to the similarity o f the problem. It is given by the following equations:
Jci„e -y (n -/4 ) F(% ) (5.14)
in which
;^ =  2A :,agC 0s"l^ | (5.15)
F ( X )  =  2 d r  (5.16)
# 1
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where Ç represents the angle at the observation point of diffracted field. Referring to Fig.5.4, it can be 
written as;
a
a g =0.5w,+ g  + Wj 
Fig.5.4: Angle at the observation point of diffracted field
4', =6>, + ;t (5.17)
^2 = (5.18)
From the previous equations, the diffracted field at the observation point due to the diffraction at two 
points Q\ and, 0 2  can be written as:
(5.19)
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When the observation point P  is in the far field, the distances R\, Rj , and the angles 0^,6^, of (5.19) 
can be approximated by
«  7" -  for phase vaiiation (5.20)
R „ f ^ r  for amplitude vaiiation (5.21)
^  ~  ^  (5.22)
where is the vector position from the origin to the diffracted point Q\ and 0 2 > respectively. Using
(5.20) -  (5.22) equation (5.19) can be re-written as:
+ É ‘\Q ^)V (Ô ^)e  (5.23)
where
0  ^ = 0  + 7T (5.24)
- ~ 0 ; Q < 0 < -  2 2
—  - 0 ; — <0<7T  2 2
(5.25)
In (5.23) üg is referred to the simulation ground plane width (see Fig.5.4). Thus, substituting the direct 
field as expressed in (5.11) and the diffracted field as expressed in (5.23) into (5.6) the radiation field 
o f the printed strip monopole antenna fed by a CPW line can be derived. Once the radiation field of
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the antenna has been derived, the radiation pattern U{G, of the antenna can be calculated by using
the equation as expressed as follow;
; xz -  plane
r ^ \E ‘^ + E ‘^‘I ; y z -p la n e
(5.26)
5.5 Input Impedance
In order to calculate the input impedance of the antenna, we have modelled the problem as a 
transmission line terminated by a load impedance Zl as shown in Fig. 5.5.
Fig.5.5\ Model for calculating the input impedance of the antenna
Using the impedance transfer equation [5.5] the input i m p e d a n c e l o o k i n g  into the input terminals 
can be written as:
Z.„ = Z (5.27)
106
Chapter 5
where and Zo are the effective dielectric constant and the characteristic impedance of the CPW
line, respectively. L is the length of transmission line as shown in Fig.5.5. Z,„o is the input impedance 
of the printed strip monopole antenna and it can be calculated from the following equation
2  ____
L { z ' = o) (5.28)
where I^{z' -  0) can be evaluated by solving the integral equation (5.1).
5.6 Results
To demonstrate the validity of the theory, a 5.2 GHz prototype antenna was fabricated and tested. 
Then the measured results were compared with the theoretical results. The strip monopole was printed 
on an organic-ceramic substrate with a dielectric constant of 6.15, a thiclmess of 0.63 mm and a width 
of 6 mm. The width of the strip monopole is 2 mm, and the length is determined fi'om Fig.5.6.
5
4
3
> 2
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
S t r i p  L e n g t h  [ W a v e l e n g t h ]
Fig, 5,6: VSWR as a function o f strip length
Figure 5.6 shows the calculated VSWR as a function of the strip monopole length. We can observe 
that at the strip length of around 0.2121 or 12.2 mm the lowest VSWR is obtained. Thus, this strip
107
Chapter 5
length is used as the parameters in the design of the antenna. The monopole was fed via a 50-Ohm 
CPW with the dimensions: w \ = 2  mm, = 28.2 mm, g  = 0.3 mm and L =  17.4 mm (0.5 ) [5.6].
A photograph of the prototype antenna is shown in Fig. 5.7.
Fig. 5.7: Prototype antenna
5.6.1 Radiation Pattern
Figure 5.8 show the radiation pattern in both the xz and yz  planes. It is seen that the printed strip 
monopole antenna fed by a CPW possesses a near omni-directional radiation pattern. In the xz plane, 
the shape of radiation pattern is similar to the radiation pattern of the dipole version of the antenna 
with the half-power beamwidth angle is 86“. In the yz plane the antenna possesses a beam-tilt radiation 
pattern with the beam-peak angle is 46°, and the half-power beamwidth angle is 60°.
To verify the validity of the radiation pattern calculation, the radiation pattern measurement of the 
prototype antenna was made in both the xz and the yz  planes. The outdoor field test was done at the
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Mahanakorn University of Technology. The far field range 1 m was used. A wire dipole antenna was 
employed to transmit a linearly polarized wave. The antenna under test was rotated to receive the 
transmitted wave in 10° steps. Both the transmitted antenna and the antenna under test were installed 
on a 1.5 m high wooden stand. The measured result was compared with the theoretical results as 
shown in Fig.5.8. It can be seen the measured radiation pattern is more sensitive to the angle variation 
than the calculated pattern. However, both measured and calculated results show the same trend so we 
can be confident that this proposed principle is valid.
X
0”
- 10 '- 10 ' 190°90
  Calculated
—e— Measured 180 ’ yz -  Plane180 ° xz -  Plane
Fig 5.8: 5.2 GHz radiation pattern of the antenna
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5.6.2 Input Impedance
To demonstrate the validity of the impedance calculation, the input impedance of the prototype 
antenna was measured using an HP8270C Network Analyzer in the 4 - 6  GHz frequency range. The 
measured results are compared with the theoretical results in Fig. 5.9. As can be seen there is 
reasonably good agreement between the calculates and experimental results.
100
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Measured
Resistance1
Reactance-20
-40 5.54.5
Frequency [GHz]
Fig. 5.9: Comparison of calculated and measured input impedance
In order to investigate the impedance bandwidth o f the prototype antenna, the input VSWR of the 
prototype antenna was measured, and the results are shown in Fig.5.10. It can be seen that the 
prototype antenna is well matched over à wide frequency range with a bandwidth, defined by 
VSWR<2, greater than 36% over the frequency range 4 to 5.9 GHz.
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5
—^  Calculated 
  Measured
4
3
2
1 65.54.54 5
Frequency [GHz] 
Fig.5.10: Comparison of calculated and measured VSWR
5.7 Conclusions
A simplified antenna theory for analyzing the radiation pattern and input impedance of a printed strip 
monopole antenna fed by CPW has been presented. The space-domain integral equation, previously 
derived in chapter 2, was used for determining the current distribution of the antenna. Once the current 
distribution was known, the radiation field of the antenna was calculated using the combination of the 
two-step procedure and the uniform theory of diffraction method. To evaluate the input impedance of 
the antenna, we have modelled the problem as the transmission line terminated by the load impedance. 
Then applying the impedance tmnsfer equation, the input impedance of the antenna was calculated. 
The validity of the calculation was demonstiated by the experiment results. Reasonable agreement 
between the theoretical and measured results was obtained, thus validating the new theoretical
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procedures. From the results obtained results, it can be seen that the antenna possesses a near omni­
directional radiation pattern with the impedance bandwidth for VSWR<2 being greater than 36%.
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Chapter 6 
Strip Monopole Antenna with a Rectangnlar Ring on a 
Circular Ground Plane
6.1 Introduction
Radiation pattern forming of the bi-directional antenna as presented in chapter 4 was achieved via the 
mutual coupling effect. Therefore, the directivity of H-plane radiation pattern can be degraded when 
the antenna operates at the frequency far from the center frequency. To overcome this problem, a new 
structure of a bi-directional antenna is proposed in this research work. The proposed antenna consists 
of a strip monopole antenna that is surrounded by a rectangular ring, and these are mounted on a 
circular ground plane. Using this structure the non-directional H-plane radiation pattern of the strip 
monopole antenna alone will be forced to be bi-directional due to the presence of the rectangular ring.
To obtain a theory for analyzing this antenna, we begin by modelling the antenna as a current sheet 
array. Then the radiation field can be derived through use of the vector potential. Once the radiation 
field of the antenna is know, the radiation pattern and antenna gain o f the antenna can be determined. 
To find the input impedance of this antenna, the Poynting vector method is employed.
6.2 Antenna Structure
The geometry of a strip monopole antenna with a rectangular ring on a circular ground plane is shown 
in Fig.6.1. It consists of a strip monopole antenna that is surrounded by a rectangular ring. They are
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mounted on a circular ground plane that has a radius, a .^ The width and the length of the strip 
monopole antenna are and 4, respectively. The width of the rectangular ring is fixed to be equal the 
diameter of the circular ground plane. The height of the rectangular ring is b and its length is c.
y
Fig.6.1: Strip monopole antenna with a rectangular ring on a circular ground plane
x = - c / 2  Plane
% = c / 2 Plane
z  = 0 Plane
Fig.6.2: Model for analyzing the antenna
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6.3 Current Distribution
In order to analyze the radiation characteristics of the antenna, we begin by modelling the antenna as
an unknown surface current array mounted on a ground plane cmrent as shown in Fig.6.2.
In figure 6.2 ( M ^ )  and aie the electric (magnetic) surface currents on the jc = +c/2
and jc = - c /2  planes, respectively, and Jp is the current distribution on the circular ground plane. In 
order to find these unknowns current, the field equivalent principle [6.1] will be applied. That is
where 5„is the unit vector normally to the x = ±c/2 planes, and.^,^,,and.E,,„are the tangential 
components of the magnetic and the electric fields, respectively. Considering the antenna structure and 
using (6.1) - (6.2), the surface current density on the x  = +c/2 and -c/2  planes can be written as;
— .^v X Hyi^y ~  ^ . (6.3)
X Hy^Üy = - Hy^â^  (6.4)
= - a ,  X = E^^üy (6.5)
== a,xJG,24, =-%E,2C  ^ (6.6)
where E,^{Hy^) and E^^iHy^)  aie the electric (magnetic) fields radiating from the strip monopole
antenna surrounded by a rectangulai* ring on the x= +c/2 and -c/2 planes, respectively. Once these 
fields are known, the unlaiown surface current density can be obtained.
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Since the strip monopole antenna is positioned along the z-axis, the electromagnetic fields radiating 
from the strip monopole antenna surrounded by a rectangular ring can be constructed in term of TM"' 
field [6.1]. That is
d + k. J A , (6.7)
(6.8)dx
where is the magnetic vector potential. The solution of this equation must satisfy the partial 
differential equation [6.1]
dy^ dz^ “ ) Æ  = 0  (6.9)
subject to the boundary condition of the antenna structure i.e., the tangential component of the electric 
field vanishes on the conducting surface. To simplify the problem, the effect of the circular ground 
plane will be neglected in the electromagnetic fields calculation here.
According to the antenna (ring) structure, it is bounded in the y  and z directions and open in the x 
direction with different mediums at x - ± c / 2  planes. By using the method of separation [6.1], the 
solution of the vector potential ^ ^that fits to the antenna structure can be written as:
4  =  Z Z (A" ( y + ) c o s [ e  ^ " + r V " ]  ; x > 0  (6.10)w=0 /j=0
4  = Z Z 4 L  s i n ( ^ ( ) /  + a g )c o s (/? ,z )[e ^ ' ; x < 0  (6.11)
m=0 H=0
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in which
y?2 “ —  ; «-0,1,2,.,z
(6.12)
(6.13)
and
r = 4 P l + P l - k ^ (6.14)
w h e r e a n d a r e  the unknown amplitude coefficients, f^and  f a r e  the unknown reflection 
coefficients on the x  = ± c / 2  planes as shown in Fig.6.3.
Rectangular ring (side view)
Free space
r
^ 11’ Vo Free space
V:
X — —C 1 2 X = 0 x = c /  2
Strip
m onopole
Fig.6.3: Illustration of the unknown reflection coefficients on the x = ±c / 2 planes
In order to solve for these unknowns, we begin with substituting (6.10), (6.11) into (6.7) and (6.8). 
Thus, we get
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K  =-.— + r v ' ]  (6.15)ni-O «=0
£ ; = — È Ê A » ( * . ' - A ^ ) / „ „ ( 5 ' . z ) f + r - e - ’' ' ]  (6.16)
J ^ a ^ a  m - 0  «=0
(6.17)
?/(=! /i=0
=  - Ê Ê 4 ; , r / „ , ( 7 ' > z ) [ e ' ' '  - r - e - ' " ]  (6.18)
h;=1 h=0
in which
fn.n (y> z) = sin () /+ a g ))  cos ( ^ z )  (6,19)
where the superscripts + and - denote the field propagation in the x>0 and x^O directions, 
respectively. Next, applying the boundary condition that the electric field E^i and E^2 must be 
continuous on the plane of strip monopole antenna (x = 0), namely E^i = E^2, leads us to obtain the 
relationship between the unknowns. A*,, and A~,^  , as:
4 - = 4 - 1 ”  («-20)
By substituting (6.20) into (6.17) and using the boundary condition that the magnetic field Hyi and Hy2 
must be discontinuous on the strip monopole antenna plane, i.e. 77 ,^ -  Hy^ = J , , the equation that can
use for determining the unknown A~„ is obtained. That is
Ê Z 4 - r 4 - ( i ' . ^ ) r  (6.21)m—0 11=0
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where
r  = 2 (1 - r T ~ )(i+n (6.22)
In (6.21) J ,(y ,z ) is the surface current on thex = 0 plane.
In practice, the width of the strip monopole antenna is usually small compared with the operating 
wavelength. It is reasonable to assume that the current disti'ibution on the strip will be constant across 
the width and vary as a sinusoidal function along the length of the strip. Following from the above 
assumption, the surface current J^(y,z)can be written as:
4  Cy, =  A (4 -  z)) (6.23)
where is the magnitude of the current. In order to solve (6.21) for the unknown amplitude 
coefficient4 “ ,, the orthogonality of the function will be used. We begin by multiplying both sides of
(6.21) fp,j{y,z) and integrating the equation from -a^Xo Og with respect to and 0 to ô with respect 
to z, and then using the relation that
"g f  \ r  ^
j  sin sin dy = <
- “g V g V g V
0 p
0 \ m  = p  = 0 
= p > \
(6.24)
\  (riTt \  (  q ncos — z  cos — z
n \ b  )  \ b  ,
dz
0 p
b ;n = p  = 0 
b
(6.25)
l2 ; n - p > \
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we obtain
4L = —r ^  j 14 (y^  ^ )Ln Cy, (6.26)^ ^ 4  0 J
f l ; «  =  0
« h e - ^ » = 2 ; „ > l
Thus, substituting the surface current (6.23) into (6.26), yields the unknown A„„, as
where
2k,  [ c o s ( À : 4 ) - c o s ( / ? 4 ) ]  .  ( \ . { mns m (6.28)
Once the unknown 4~, is known, the unknown A^„ can be derived by substituting (6.27) into (6.20).
The next step is to find the unknown reflection coefficientf^. To do this, we have applied the 
boundary condition that the impedance must be continuous on the x = +c/2  plane. That is
E l { x  = d 2 )  ^
^ ; ( x = c / 2 )
where % is Free-space wave impedance. By substituting (6.15) and (6.17) into (6.29) we obtain, after 
some mathematical manipulation
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I e '’’‘ (6.30)
where
]p- (6.31)
Similarly, applying the continuity o f the impedance on the x = - c / 2  plane gives
r  =
f  \
-y c (6.32)
Once these unknown coefficients , T^and F" are known, the radiating fields of the strip
monopole antenna surrounded by the rectangular ring can be derived, and then the unknowns surface
currents , J and can be found. These can be written as follow:
« ,  CO r g - y ^ / 2 _ p + g / c / 2 - j
7 i --------------------------------------------=-----------  (6-33)
n;=l H=0 ■^n>
  -----------J  (6.34)
h;=1 h=0 ■^ u’
K ,  = (6.35)
«1=1 H=0
V .2 = s Z Z C , „ „ / „ „ ( ^ . z ) [ - e - ' - '« - r e ' ' ' " ]  (6.36)
«(=1 /)=0
where
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C „ .~ (6.37)
The next step is to find the ground plane current. This can be accomplished by using the ground plane 
current sheet model [6.2]. By following the method described in subsection 3.3, the surface current 
distribution on the circular ground plane due to the strip monopole antenna can be written as:
V
A  + 1
p +v
jK  + V (a.+z,)
(6.38)
where
(6.39)
6.4 Radiation Field
To find the radiation field of the antenna, the two-step procedure [6.3] is employed. This first requires 
us to find the vector potentials A and F , and then find the electric field È  and the magnetic f ie ld # .
Figure 6.3 shows the system coordinate for determining the radiation field of the antenna. Wlien the 
observation point F  is in the fai* field region, the vector potential due to the current distribution on the 
antenna can be written as [6.3]:
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Fig.6.3: Coordinate system for calculating the radiation field
A =
- j k , r
4/1 r
-Ar
47T r dr'
(6.40)
(6.41)
where 2  is the magnetic vector potential due to the electric surface current and F  is the electric vector 
potential due to the magnetic surface current, and are the vector position of the current source, 
and unit vector of the radial direction, respectively. According to the current distribution on the 
antenna, the vector potential A as expressed in (6.40) and the vector potential F  as expressed in 
(6.41) can be expanded as:
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- j X r
An r I J +0-a^
j I +
0-«s
F
- J X r
An r
0 0
b °g
0 —a„
b «£J I M,,{ÿ,z')e>^ ’'dÿdz'
0  —o_
(6.42)
(6.43)
where f^^(p>=l,2,3) are to the vector positions o f the currents Jsi ( M i ) ,  Jii ( M 2 )  and Jp, respectively. 
Referring to Fig 6.3, the vector positions f  (p=l,2,3) can be written as:
r ,^ x 'n ^  + y ’a ,
= /?' COS + p ' sin (jj'Üy
(6.44)
(6.45)
(6.46)
By changing the variable { y , z , p )  of the surface current as expressed in (6.33) - (6.36) and (6.38) to 
{ y ' , z ' , p ' \  then substituting into (6.42), (6.43) and using (6.44) - (6.46), the vector potentials ^an d  
F  reduces to
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-JXr
An r E I aH(=l H=0
« « _ p +  yc/2\
a . E E 4 , . ^ ---------------------------- +
m=0 «=0
-  r 2 ;r^
ris yz
Y L s .  ( a ;  )  s m %  k ' " - " '  '  P', +p=l 9=1
r 2 n \ ( a \ J - Q
P ) y Q j /;=! 9=1
F  =
- J X r
An r a Æ Ê ^ . . , K ° " + r v ° " ) ^  +w =l «=0
«1=1 (f=0
(6.47)
where
(6.48)
S  ~  y— sin ^  cos (5
A . ~ X V „ e ^ (6.49)
£  ~  - J —  sin 0  cos 4X . . ~ X V . e  ^ (6.50)
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Pyz -
j^kbcosQ I c Q g  Q cos(/7g6) + sin(/0jZ>)} -  jk^ cos 6
{ jK o o s O f+ P '^
^jXo^sm6sm4  | y ^  S i l l  ^ S i l l  (1 $ 8 1 1 1 (2 /3 ^ (7 ^ ) +  C 0 S ( 2 / 3 ^ ) ]  +  J3y6
(y ^ ,s in ^ s in ^ )^  +  Æ (6.51)
A
2 n
j k  +
'+z? ^
J K  +
F : + ^ ' / K + z , )
(6.52)
To derive the radiation field, the vector potential expressed in the spherical coordinate system is 
required. Thus, using the vector transformation and considering only the transverse component, the 
vector potential components x, y  and z as expressed in (6.47) and (6.48) can be re-expressed in term of 
spherical coordinate components as:
Aa = g
- j k j '
An r
\
V ^  ) \ Q j p = \ q = \
P Q I ^ jX p ' sin 0cos(4 -4 ' ) Ip '  COS 6 ' -
I Z«;=! «=0
f  _p+g/c/2 j _r+gyc/2 j
F.y2 s in ^ (6.53)
- j X r
An r
2 ; r y a
P ) \ Q  J  p = i  9=1
(6.54)
and
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g. e - j X r
Att r f„=[ „=o
g g-A'- "P, = 7 ^ — Ë E ( a „ „  (e"'"" ( - g - " " " - r v " ) f ; , ) c o s f »  (6.56)r „,_i „=o
Once the vector potential components in the spherical coordinate system are known, the electric of the 
antenna can be calculated from the equation
E  =  - jœ X A g  +7lF ^ )ag  ~ M ( 4 -r]^Fg)a^ (6.57)
Using (6.53) -  (6.57) the radiation fields of the strip monopole antenna, surrounded by a rectangular 
ring, and on a circular ground can be written as:
E  =  — j
-J%r
An r
2)1 ] f
y Q j /,=! 9=1
I Im=l «=0
f  ^g-rc/2 _p+g/c/2^ ^g-Xc/2 _p+g/c/2^
In Pyz-^Km
F>•2 IF siii6>
Î  Î  ( A„„ + E„„ ) f„ ) oos^«1=1 «=0 Cla +
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k, e - J X r
An r
2 tt^
Q J /?=1 9=1
;/j=l M=0
a ,  (6.58)
Once the electi'ic field is obtained, the magnetic field o f the antenna at the observation point can be 
obtained from following equation.
?7o %
(6.59)
6.5 Antenna Calculations
In this section, the parameter terms that ai'e used to describe the characteristics of the antenna will be 
derived. They consist of the radiation pattern, the input impedance and the antenna gain.
6.5.1 Radiation Pattern
In order to study the radiation chai*acteristic of the antenna, the radiation pattern is required. 
Substituting the electric field (6.58) into (3.62) gives the radiation pattern of the strip monopole 
antenna with a rectangular ring on circular ground plane as:
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P Q
\  P  J \ Q  )  p = l 9=1I I  & (A: ) <=os(^  -  (»; cos e -
I I
«1=1 ?)=0
D (g-r^/2 + A » F ?7„ sin 0 +
I I ( a ,,„ + r v « 'q A ^ +£„„ (-e - '" " -rv « " )f ;^ )c o s^
«1=1 «=0
n  \  p  Qfg_ 
\ 6 ; I I & ( A ' ) s i n ( « J Z .  -/7=1 9=1
Î Î ( A .„ ( ^ - '" "  + r V ' ' q f ^  + - r v ' " ) f ; ) c o s g s m ^/«=! 11=0
where
(6 .60)
F  =
\2
4/r (6 .61)
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6.5.2 Input Impedance
To find the input impedance of the antenna, the Poynting vector method [6.4] is employed. Since the 
antenna is mounted on the circular ground plane, the impedance correction term for compensating the 
finite ground plane effect must be included. The input impedance of the antenna can be expressed as;
rad
14,
+ A, (6.62)
where P,-ad is the power radiated by the sh ip monopole antenna, /,>, is the input total axial current and 
Az is the impedance correction term. In this work a Az term, which was presented by Edward-Woff
[2.11] to compensate the input impedance of a wire monopole on circular ground plane is applied. By 
considering the strip monopole antenna instead of the wire monopole antenna, the A, term can be 
written as:
;30e
\ - c o s ( K O
kM„
1+ -
(6.63)
Substituting (6.63) into (6.62), reduces to
z .  = 14 +  ■
l - c o s ( % )
sin(^Je)
1+ -
j^{2Xag+3;r/4) (6.64)
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Up to this point, we can see that when the power radiated is known, the input impedance of the 
antenna can be calculated.
The power radiated by the strip monopole can be obtained by integrating the Poynting vector over the 
surface that coincides with the surface of the strip monopole. It can be written in the mathematics form 
as:
P,ad -  • ds  (6.65)
'Surface
in which
Â . o = - B , . ü X - ÿ ‘ v-o (6-66)
where is the Poynting vector, * denotes the conjugate. A=o electric and
magnetic fields radiated from the strip monopole antenna. Considering the antenna structure, it has an 
open boundary in the x direction. Thus (6.65) reduces to
Prad ~  j^-v=0 ’ ^
surfaca siiiface
= j j 4^ (6 a ,  + I J S ;^^‘dydz ( - a j  (6.67)
0 -a „
where
(6.68)
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The superscript ±  denotes the direction of propagation. By using the equations derived previously, the 
Poynting vector in the positive and negative directions can be written as:
«1=1 «=0
4:« y
V ^L „  (y . z ) 0 + m  j :„ r L „ { y ,  z ) ( - i + r )A
X t t«1=1 11=0 r
( - i + r ) (6.69)
5;=o = « vZ £
«1=0 «=0 \  V
= â E I
n»=l «=0
Y  l 4 A : ( ) ' . z X i + r - ) ( i - r * )r (6.70)
Substituting (6.69) and (6.70) into (6.67), yields the power radiated by the strip monopole as:
Cl =SZ
m = \  11=0 A h
l l i f l M d y d z  (1 +  r - ) T + r  —1 + r
= - i z
«1=1 «= 0 r
J ( i + r ) (6.71)
Since the surface current was assumed to vary only along the length of tlie strip monopole and to be 
constant across the width, the total axial current 7(z')can be calculated from the equation:
II-,/2 w, /2
- I t ' , /2 -I t ' , /2
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(6.72)
Once the total axial current of the antenna is known, the input current can be obtained by 
letting z ' = 0
7/, =/o sin(^o4) (6.73)
Thus, combining equations (6.64), (6.71), (6.72) and (6.73) gives the input impedance of strip 
monopole antenna with a rectangular ring on circular ground plane as:
Z,.. =
-EE
«1=1 «=0 r j , ( i + r ) + ; 3 0 g
l - c o s ( % )
ka..
1 +
(6.74)
6.5.3 Voltage standing Wave Ratio
A transmission line feeder will be used to connect the antenna with a transceiver. The input impedance 
o f the antenna must be matched to the chaiacteristic impedance o f the transmission line over the 
frequency band of operation. To describe this matching, we use the voltage standing wave ratio 
(VSWR). Let Zi„ and Zo be the characteristic impedances of the antenna and transmission line, 
respectively. Then the VSWR can be defined as
VSWR _i+|r| “ i-lrl (6.75)
where
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r  =  | ^  (6.76)
Thus, substituting the input impedance of the antenna as expressed in (6.74) into (6.75), F and can be 
calculated. Once this is known, the VSWR can be calculated from (6.75).
6.5.4 Antenna Gain
To calculate the antenna gain of the strip monopole antenna with a rectangular ring, we will assume 
that the antenna is the lossless. Thus the antenna gain can be written as:
= | r |  (6.77)
{{u{e,f)s.ined0d<li
0 0
where the radiation intensity U{0, (0, and F , can be obtained from (6.60) and (6.76), respectively.
6.6 Results
6.6.1 Numerical Analysis
We expect that the rectangular ring will modify the radiation pattern of the strip monopole antenna to 
give a bi-directional pattern. To illustrate this we considered the calculation of the radiation pattern of 
an antenna with the following dimensions: 2 mm, 0.25X or 14.42 mm, b = 0.35 X, or 20 mm, c
-  0.25 X or 14.42 mm and 0.50 X or 29 mm. The frequency of 5.2 GHz was used as the center
frequency. The results are shown in Fig.6.5.
134
Chapter 6
X
E-Plane (0° < 0  <180“ = H-Plane (^  = 46° ;0“ < <360“ )
180'
90” 270
Fig 6.5: Calculated radiation patterns of the strip monopole antenna with a rectangular ring on 
a circular ground plane at 5.2GHz
From Fig.6.5, it is evident that when the rectangular ring is included it will force the radiation field of 
the strip monopole antenna to radiate in the ± x  direction. The antenna will possess bi-directional 
radiation pattern in the azimuth plane with beam-tilt radiation pattern in the elevation plane. The main 
lobe of the antenna points along the ± x  direction with the beam-peak angle of around 46° measured 
from the monopole axis (z axis). The antenna gain in main lobe direction is around 4.0 dBi. The half­
power beamwidths in the E-plane and H-plane are 61 ° and 78 respectively.
In order to design the antenna, the dimensions of the antenna must be defined such as to provide the 
desired antenna gain. From the antenna structure, it is evident that the antenna gain will depend on the 
following parameters: the dimension of strip monopole, the radius of the ground plane and the 
dimensions of the rectangular ring. This can lead to excessive computation time when the antenna gain 
is calculated as the function of all these parameters. To reduce the variables in the calculation, we will
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assume some of these parameters to have fixed values. These will be the dimensions of the strip 
monopole antenna and the radius of ground plane. The values of these fixed parameters are given by 
w.v" 2 mm, la= 0.25X (14.42 mm) and üg^ 0.5%(= 29 mm)
So now it is only the ring length and ring height that will affect the antenna gain. In order to find the 
appropriate dimensions of the ring to provide the desired antenna gain, the contour of the antenna gain 
was calculated as a function of the ring length and the ring height. The numerical results are depicted 
in Fig. 6.6. In the calculation, the antenna efficiency was assumed to be 100%. By using the contour of 
the antenna gain as shown in Fig 6.6, the ring height and the ring length can be determined to provide 
the desired antenna gain. For example, when the ring length is fixed as 0.40 X, and the antenna gain of 
around 5 dBi is desirable, the ring height must be chosen to be 0.35 X .
Antenna Gain [dBi]
0.75
4 . 5 -0.7
0.65 
% 0.6
> 0.55
0.35
0.3 5.5
0.25
Ring Length [Wavelength]
Fig. 6,6: Contour of antenna gain as a function of ring height and ring length
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6.6.2 Experiment Results
To verify the validity of the antenna theory, the 5.2 GHz prototype antenna was fabricated and tested. 
The experimental results will then be compared with the theoretical results.
From the previous subsection, to obtain the antenna of around 5 dBi for the ring length (c) is fixed as
0.40 X (=23.1 mm), the dimensions of the antenna have to be = 2 mm, 4 =  14.42 mm, ag = 29 mm 
and 6 = 20 mm. Since we have neglected the mismatch loss in the antenna gain calculation, the strip 
length must be re-adjusted slightly for compensating the mismatch loss. It was found that, to obtain the 
lowest VSWR the strip length must re-adjust to be 0.253X or 14.60 mm. Moreover, to simplify the 
antenna fabrication, the equivalent radius technique was applied. That is, the wire monopole antennas 
with the radius of w,/4 or 0.5 mm will be used instead of the strip monopole. A photograph of the 
prototype antenna is shown in Fig. 6.7.
Fig. 6.7: Prototype antenna
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The input impedance of the prototype antenna was measured over the 4-6 GHz frequency range using 
an HP8510 Network-Analyzer. The antenna was connected to the network analyzer via an adaptor. 
Therefore, the impedance transfer equation is utilized to compensate the phase delay. Figure 6.8 shows 
the comparison between the calculated and measured values of input impedance. It can be seen that 
there is reasonably good agreement between the measured and calculated values. To ensure that the 
power transferred from the transmission line into the antenna is more than 90% or vice versa, a 
VSWR.< 2  is needed. From Fig.6.8 it can be seen that VSWR<2 is maintained over a 15% bandwidth 
from 4.8 - 5.6 GHz.
i.o;
VSW R = 2
cO.5'
-Ô- Calculated [Step 0.1 GHz] 
—  Measured
À
Marker Frequency [GHz]
A
1 4.8
2 5.2
3 5.6
Fig. 6.8: Comparison of calculated and measured input impedance
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Figure 6.9 shows the calculated radiation pattern o f the antenna of both the elevation and the azimuth 
planes at a number of discrete frequencies in the range 4.8 - 5.6 GHz, which corresponds to the 
frequency range giving VSWR <2.
Frequency E-Plane ( 0" < < 1 BO’ ; ^  = 0“ )
0°
4.8 GHz
5.0 GHz
5.2 GHz
90'
H-Plane (^  = 46' ;0° < < 360' ) 
180°
90° 270'
180°
- 10] joV 1 I 
\  \\  /  t
y
90° 270°
90° 270'
Fig.6.9: Comparison of calculated and measured radiation pattern for various frequencies 
( .........—  Calculated,  Measured)
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5.4 GHz
5.6 GHz
90'
a  ^ /  x  /
I '  I ! / / 1\  V  \ *J \
/  *
90” 270”
90” 270'
Fig.6.9: (Continue)
From Fig .6.9, it is evident that the antenna possesses the beam-tile in the elevation plane with bi­
directional pattern in the azimuth plane over the operating band. The half-power beamwidth angles for 
both the E-plane and the H-plane are listed in Table 6.1. It can be seen from Figure 6.9 that there is 
good agreement between the measured and calculated results. Some errors ai e evident and these might 
due to the imperfectness of fabrication and the limitations of the test-site.
Table 6,1: Half-power beamwidth angles (HPBW)
Frequency [GHz] 4.8 5.0 5.2 5.4 5.6
E-Plane HPBW [Degree] 62 61 62 62 63
H-Plane HPBW [Degree] 64 62 58 56 54
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Calculated
Measured
5.5
^ 4 .5
gI
3.5
5.6i.l 5.2 5.3
Frequency [GHz]
5.4 5.54.9
Fig, 6,10: Comparison of calculated and measured antenna gain
Figure 6.10 shows the comparison between the calculated and the measured antenna gain in the 4.8 - 
5.6 GHz frequency range. The measured gain is obtained through use of the Friis transmission 
formula. Good agreement between the calculated and measured results can be seen. From the obtained 
result, we see the antenna gain of the prototype antenna varies around 4.5 ±  0.5 dBi.
As was predicted, the rectangular ring modifies the radiation pattern of the strip monopole antenna, 
giving a useful improvement in the H-plane radiation pattern. Also the bandwidth of the antenna is 
better than obtained when using paiasitic elements to achieve similar improvements to the radiation 
pattern. To demonstrate this latter point, the H-plane radiation patterns of the antenna at the 
frequencies of 4, 5.2 and 6 GHz are plotted along side those obtained from a printed strip monopole 
antenna with the parasitic elements on a circular ground plane as presented in chapter 4. The results 
are shown in Fig. 6.11. It is evident that the radiation pattern bandwidth of the strip monopole antenna 
with a rectangular ring is greater than in case of the printed strip monopole antenna with the parasitic 
elements.
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4.0 GHz 270
5.2 GHz 270
6.0 GHz 270
90’ 270
90’ 270
90’ 270
Fig. 6.11: Comparison of the H-plane radiation patterns from a strip monopole antenna 
with a rectangular ring and from a printed strip monopole antenna with 
parasitic elements ( ---------- Calculated, ------------Measured)
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6.7 Conclusions
A new bi-directional antenna has been proposed. The antenna consists o f a strip monopole antenna, 
surrounded by a rectangular ring, and mounted on circular ground plane. The theory of this antenna 
had been developed from first principles, and the validity of the theory established through practical 
measurement. The results obtained have shown that the antenna possesses a beam-tilt bi-directional 
pattern with a moderate antenna gain o f around 4.6 dBi, and that the impedance bandwidth (with 
VSW R<2) is approximately 15% from 4.8 -  5.6 GHz.
143
Chapter 7
Chapter 7 
Conclusions and Suggestions for Further Work
7.1 Contributions of this research work
This research work the use has proposed a new method of analysis o f printed strip monopole antennas 
on a finite circular ground plane, tlirough the use of a simplified space-domain integral equation, 
developed from the analysis of a printed strip monopole antenna on an infinite ground plane.
The advantage of the proposed integral equation is that the transformation of the antenna structure is 
not required. This leads to reduced computation time and easier programming when the equation is 
solved by the moment method. The derivation for the equation was shown in chapter 2. The validity of 
the equation was demonstrated tlii'ough the calculation of the input impedance of both the printed strip 
dipole and the printed strip monopole antennas. The theoretical results are compared with those from 
experiment, and also with data published in the literatiue. Very good agreement was obtained.
To demonstrate the usefulness of the equation, it was applied to establish a simplified theory for 
analyzing the characteristics of the printed strip monopole antenna on a finite circular ground plane, 
both with and without parasitic elements. These antennas are aimed for indoor Wireless home link. 
The results were shown in chapter 3 and chapter 4, respectively. From the results obtained it was 
shown that for the case of without the parasitic elements, the antenna possesses the beam-tilt omni­
directional radiation pattern with antenna gain o f around 2.5 dBi and impedance bandwidth of 
V SW R < 2 ,  which is greater than 30% from 4.4 to over 6 GHz. In the case with the parasitic 
elements, the antenna possesses the beam-tilt bi-directional radiation pattern with a moderate antenna 
gain of around 5 dBi with V SW R < 2 over the operating frequency band 4.8 -  5.6 GHz.
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In a further application, the new integral equation was applied in the analysis of the characteristics of a 
printed strip monopole antenna fed by a CPW transmission line. This was shown in chapter 5. The 
validity of the theory was demonstrated by the experimental results, which showed reasonably good 
agreement between the theoretical and measured results. From the results obtained it was shown that 
the strip monopole antenna fed by a CPW possesses a near omni-directional radiation pattern, and is 
well match with an impedance bandwidth of V SW R < 2 slightly greater than is 36% from 4 - 5 . 9  
GHz.
In chapter 6, we proposed a new bi-directional antenna. The antenna consisted of a strip monopole 
antenna that is surrounded by a rectangular ring, with the structure mounted on a circular ground 
plane. The theory for analyzing the chai acteristics of this antenna was established. It was based on the 
analytical method. The validity of the theory was demonstrated by the experimental results, which 
showed good agreement between experimental and theoretical results. From the results obtained 
results it was seen that the antenna possessed a beam-tilt bi-directional radiation pattern with an 
antenna gain o f around 4.6 dBi, and an impedance bandwidth of V SW R  < 2 greater than 15% from 
4 .8 -5 .6  GHz.
7.2 Suggestions for Future work
The following suggestions are possible extensions for the Further Works.
1. To simplify the derivation of the integral equation used in this work, the polarization current 
effect was neglected. The neglecting of the polarization current will significantly affect the 
accuracy of the solution as the frequency increases (see Fig.3.13 for example). To overcome 
this problem, the polarization current effect should be derived and taken into account in the 
equation.
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2. In some circumstances, the antenna is required to be positioned on the side wall. To cover 
the operation on within this area, the wide-angle radiation (HPBW~120”) in azimuth plane is 
required. This may be accomplished by arranging the position and the number of parasitics 
of the antenna structure as presented in chapter 4.
3. In chapter 5, the theoiy for predicting the radiation pattern and input impedance o f the 
printed strip monopole antenna fed by a CPW was introduced. To simplify the theory for 
analyzing the antenna, the current distribution on the antenna was assume to correspond to 
the current distribution on the printed strip monopole on an infinite ground plane and the 
CPW effect of the current was also neglected. This will significantly affect the accuracy of 
the input impedance at the higher level of frequency away from the designed frequency. 
Therefore, the new model which incorporates the current determination on the strip 
monopole is desired. Beside this, in order to complete the study of this antenna, the 
theoretical derivation for estimating the antenna gain is needed.
4. In chapter 6, the new antenna structure for broadening the H-plane radiation pattern 
bandwidth of bi-directional antenna was proposed. However, it was found that the VSWR 
<2 bandwidth of the antenna is narrow. Teclmiques are required to improve the VSWR <2 
bandwidth while maintain the H-plane radiation pattern bandwidth.
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